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Polyimides have become of interest in recent years as membrane materials for gas 
separation processes, due to their good separation performance and applicability in harsh 
environments, such as high temperature or strong acidic conditions. However, these 
attempts seem to be approaching a limit demonstrated by the trade-off curve for gas 
permeability and selectivity. The aim of this study was to investigate two different 
modification methods for polyimide membranes to improve their separation performance 
and operation durability. 
In the first method, 6FDA-polyimide films modified by polyamidoamine (PAMAM) 
dendrimers with generations of 0, 1 and 2. The actual molecular conformation and bulk 
size of these three generation dendrimers immobilized on polyimide surface were 
characterized by AFM. The amidation and cross-linking reaction between dendrimers and 
polyimide were examined and quantified by XPS (X-Ray Photoelectron Spectrometer), 
FTIR-ATR (Attenuated Total Reflection) and gel content measurements. Modification 
time and the generations of PAMAM dendrimer have been verified as two important 
factors in determining the properties of modified polyimide films. These modified 
polyimide films exhibit excellent gas separation performance.   
We have conducted an extensive study to investigate the effects of thermal treatments 
and dendrimers’ structures on the chemical and physical properties of the surface 
modified polyimide films. Moderate thermal treatment (120oC) is proved to be able 
induce the highly amidation reaction and increase the degree of cross-linking on the 
polyimide surface. The gas separation performance of modified polyimide films is 
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significantly improved. When the temperature of treatment reaches to 250oC, 1H-NMR 
and GPC test implied that the cross-linking structure between polyimide chains is broken 
and the degradation of polyimide backbone chains also occurs. Gas permeation tests also 
indicated that high temperature treatment of dendrimer modified polyimide films is not 
beneficial to separation. In addition, the performance comparison between different 
dendrimers PAMAM and DAB modified films is carried out.  
The second modification method to improve gas separation performance of polyimide is 
carbonization. In this thesis, the factors of the chemical structure and physical properties 
of rigid polyimides in determining the performance of derived carbon membranes have 
been investigated through both the experimental and simulation methods. Four polyimides 
made of different dianhydrides were pyrolyzed at 550oC and 800oC under vacuum 
condition. The thermal stability and the fractional free volume (FFV) of polyimides were 
examined by a thermo gravimetric analyzer and a density meter. The chain properties of 
polyimide, such as flatness, chain linearity, and mobility were simulated using the Cerius2 
software. All above characterizations of polyimides were related to the microstructure and 
gas transport properties of the resultant carbon membranes. It was observed that the high 
FFV values and low thermal stability of polyimide produce carbon membranes with bigger 
pore and higher gas permeability at low pyrolysis temperatures. Therefore, polyimides 
with big thermally labile side groups should be preferred to prepare carbon membranes at 
low pyrolysis temperatures for high permeability applications. On the other side, since the 
flatness and in-plane orientation of precursors may lead carbon membranes to ordered 
structure thus obtaining high gas selectivity, linear polyimides with more coplanar 
 x
aromatic rings should be first choice to prepare carbon membranes at high pyrolysis 
temperatures for high selectivity applications.  
Bromination modification was initially carried out on Matrimid polyimide before 
undergoing carbonation to produce carbon membranes. Compared with unmodified 
Matrimid, brominated Matrimid shows lower chain flexibility, which is demonstrated by 
increased glass transition temperatures and molecular simulation results.  Additionally, 
an increase in space between polymer chains was supported by fractional free volume 
(FFV) and d-spacing measurements.  The improvement of chain rigidity of polyimide 
precursors serves to strengthen the membrane morphology during the production of 
carbon membranes.  Thermal gravimetric analysis indicates that the thermal stability of 
polyimide decreases after bromination.  The lower thermal stability and higher FFV 
value of brominated Matrimid result in higher gas permeability of carbon membranes 
pyrolyzed at a low pyrolysis temperature, while the selectivity remained competitive to 
those pyrolyzed from the original Matrimid precursor under the same conditions.  
However, the gas permeabilities of carbon membranes derived from modified Matrimid 
decrease significantly and become lower than those of carbon membranes from the 
original Matrimid, when the pyrolysis temperature is raised to 800 oC.    Therefore, it is 
concluded that bromination of Matrimid polyimide has significantly affected the 
pyrolysis behavior and the structure of the resulting carbon membranes.  At a low 
pyrolysis temperature, carbon membranes derived from brominated precursors show 
attractively and superior gas separation performance.  
 x
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Membrane technology, important for non-thermal separation devices, has been an 
attractive avenue to avoid thermodynamically imposed efficiency limitations on heat 
utilization since the first synthetic membranes became available about 40 years ago 
[1-2]. Membranes can be used to satisfy many of the separation requirements, which 
are, in the separation of molecular and particulate mixtures, in the controlled release 
of active agents, in membrane reactors and artificial organs, and in energy storage and 
conversion systems. From the size range of selective rejecters from feed, membrane 
separation processes are classified to several applications, such as microfitration (MF), 
ultrafitration (UF), nanofitration (NF), reverse osmosis (RO), pervaporation (PV) and 
gas separation (GS). Then membrane process also can be classified according to the 
driving force used in the separation process. The technically and commercially most 
relevant processes are pressure driven processes, such as reverse osmosis, ultra- and 
micro-filtration, or gas separation; concentration-gradient driven processes, such as 
dialysis; partial pressure driven process, such as pervaporation; and electrical 
potential driven processes, such as electrolysis and electrodialysis. The classification 




Table 1.1 Various Applications of Membranes 
Function or Application Typical Source of Driving Force 
Size Range of Entities 
Selectively Rejected from 
Feed 
Micro-filtration (MF) Trans-membrane pressure difference (10~25 psi) 100~20,000 nm 
Ultra-filtration (UF) Trans-membrane pressure difference (10~100 psi) 2~10 nm 
Dialysis (D) Trans-membrane solute concentration difference (1~20 mg/dl) 1~4 nm 
Nano-filtration (NF) Trans-membrane pressure difference (100~500 psi) 0.5 ~2 nm 
Reverse Osmosis (RO) Trans-membrane pressure difference (100~500 psi) 0.3 ~0.5 nm 
Pervaporation (PV) Trans-membrane fugacity difference (5~20 psi) 0.3 ~0.5 nm 
Gas Separation (GS) Trans-membrane pressure difference (100~500 psi) 0.3 ~0.5 nm 
Electrodialysis (ED) Trans-membrane voltage difference (1~2 volt per membrane pair) 0.3 ~0.5 nm 
 
In the worldwide membrane market 1988, sales of membranes and modules reached 
4.4 billion US dollars, and sales of membrane systems are more than 15 billion US 
dollars. Moreover, the market is still growing 8~10% per year. The development of 
membrane market in the end of century is reviewed as shown in Table 1.2 [4]. 
Table 1.2 Sales of Membranes and Modules 
Membrane Process 
Sales 1998 
M US Dollars 
Growth 
%/year 
Dialysis  1,900 10 
Micro-filtration  900 8 
Ultra-filtration  500 10 
Reverse Osmosis  400 10 
Gas Exchange 250 2 
Gas Separation  230 15 
Electrodialysis  110 5 
Electrolysis 70 5 
Pervaporation  > 10 … 
Miscellaneous 30 10 
Total 4,400 > 8 
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Conclusively, gas separation is a relatively young technology among of above 
applications, but growing fast with a rate of 15% per year.  Since 21 century, 
membrane-based gas separation has grown into a $300 million/year business, and 
substantial growth in the near future is likely [5]. In this introduction chapter, the 
scientific milestones of researches on gas transport through membranes are 
remembered, current membrane gas separation applications are surveyed, and various 
membrane structures and membrane materials are reviewed.  
1.1 Membranes for Gas Separation 
Membrane in a gas permeation process act as a selective barrier, usually thin, 
interposed between two phases, which obstructs gross mass movement between the 
phases but permits passage of certain species from one phase to the other with various 
degree of restriction [6]. Generally, the bulk phases are gas mixtures and separation 
occurs since each type of gases diffuses at a different rate through the membranes. 
This definition encompasses with divers driving forces. These driving forces arise 
from a gradient of chemical potential due to concentration gradient or pressure 
gradient or both. Today, a large scale membrane gas separation system has found 
acceptance in many industrial sectors to replace the traditional separation techniques, 
due to its advantages: simplicity of operation and installation, lower capital outlay, 
large reduction in power, compact in size and modules, mild operation conditions, and 
easy combination with other separation processes. Actually, membranes were known 
to have the potential to separate important gas mixtures long before 1980, but the 
technology to fabricate high-performance membranes and modules economically was 
lacking and the overall success of the gas separation membranes is lagging behind 
people’s expectations. 
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1.2 History of Gas Separation Membranes 
The origin of membrane materials gas transport studies can be dated back to almost 
180 years ago. Thomas Graham made the first scientific discovery related to 
membrane separation in 1829 [7]. He observed gaseous osmosis through a wet animal 
bladder for an air/carbon dioxide system. In 1831, J. K. Mitchell observed that natural 
rubber balloons exposed to different gas atmospheres deflated at different rates [8]. 
Over two decades later, A. Fick, an outstanding physiologist, formulated what is 
known as Fick’s First Law by studying gas transport across nitrocellulose membranes 
and analogy his results to heat conduction [9]. However, the first quantitative 
measurement of the rate of gas permeation into vacuum rather than air was 
accomplished by Tomas Graham [10]. From his observations, he proposed the 
“Solution-Diffusion” mechanism for gas transport in membranes. Later in 1879, S. 
Von Wroblewski quantified Graham’s model and define the permeability coefficient 
as the penetrant flux times the membrane thickness, then divided by the pressure 
difference across the membrane [11]. He also characterized the permeability 
coefficient as a product of diffusivity and solubility coefficients, which has wildly 
been accepted as an important model in membrane research area even now days.  
Many fundamental scientific works and contributions to gas separation membranes 
were carried out in the last century. For example, Daynes developed the time lag 
method from nonsteady-state transport behaviour of gases via a membrane to 
determine diffusion coefficient [12]. Base on above fundamental works, membrane 
research has explored various membrane materials and their subsequent processing. In 
the 1930’s and 1940’s, major contributions were made by R. M. Barrer who studied 
the effects of structure, molecular mass, and crosslink density on gas transport in 
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rubbers and other naturally polymers. The introduction of gas sorption and diffusion 
measurements also increased existing knowledge of gas transport in polymeric 
materials after 1950’s [13]. Following the first breakthrough of cellulose acetate 
asymmetric phase inversion hollow fiber membranes fabricated for reverse osmosis 
by Loeb and Sourirajan in 1960’s, membrane gas separation appeared to be a potential 
tool for industry separation processes. The first commercial gas separation membrane, 
Prism® was produced at 1980, using the treatment with silicon rubber as a method of 
“healing” defects in the thin selective layer of asymmetric membranes which 
introduced by Henis and Tripodi [14].  The successfully commercial application of 
the gas separation membrane has accelerated the devolvement of novel membrane and 
membrane materials. Figure 1.1 displays the important milestones in the history of 
membrane gas separation technology [5]. 
 
Figure 1.1 Development of Membrane Gas Separation 
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1.3 Gas Separation Membrane Applications 
Membrane technology has been used commercially for several gas separation 
applications from a variety of feedstocks since 1980 with rapid development. Now 
membrane gas separation impacts the separation business with more than 300 million 
US dollars a year. The major applications of gas separation are introduced below. 
Air Separation 
One of the fastest growing applications of gas separation membrane is air separation 
producing nitrogen or oxygen enriched air [5]. Nitrogen-enriched air is useful for inert 
gas blanketing of hydrocarbon fuels, as well as for the preservation of agricultural 
products. When compressed air forms the feedstock, the nonpermeate stream 
produces the nitrogen-enriched air, since O2 is more permeable than N2. After 
separated several times through the membrane modules, the nonpermeate stream can 
contain 99% nitrogen. The market share of membrane technology in producing 
nitrogen is growing and currently producing 30% of total nitrogen. Compared with 
nitrogen production, the practicality of membrane-based oxygen production is more 
difficult and valuable. Since air already contains 80% nitrogen and some nitrogen 
always permeates with the oxygen, permeate streams are oxygen-enriched air rather 
than pure oxygen. Now cryogenic distillation (99.999%) and vacuum swing 
adsorption (95%) dominated the current gaseous oxygen market. The production of 
oxygen-enriched air (50%) from membrane process has generally been limited to 
medical application.  Ideally, the new membrane materials with desired permeability 
(250 barrers) and the oxygen separation factor (8~10) are needed to increase the 
practicability of membrane technology for industrial oxygen separation [15]. 
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Hydrogen Separation  
Membranes are also effective in the removal or recovery of hydrogen from process 
streams in ammonia and refinery industries, and this market has already been the first 
large-scale commercial application of membranes to gas separation [5]. Off gases 
from synthesis gas (H2 & CO), catalytic reformers and crackers (H2 & CH4) often are 
required separation, since the H2 concentration is higher than that commonly required 
for chemical production. As a result, membranes introduced in the process remove a 
portion of the fast permeation H2 to reduce the H2 concentration to the useful level. 
Also, ammonia purge gas is delivered to the membrane at high pressure, and the 
hydrogen-rich permeate can be recirculated to the front of an existing feed gas 
compressor. Moreover, recovery and purification of the valuable feedstock H2 is 
highly economical using membranes. Hydrogen is highly permeable compared to 
other gases, so selectivities and fluxes are high. However, the drawback of poor 
reliability, especially fouling and plasticization problems of polymeric membranes 
have inhibited the application of membranes separation in refineries.  
Acid Gas Removal from Nature Gas 
Natural gas processing is also a large potential market for membrane technology. The 
removal of carbon dioxide and hydrogen sulphide impurities is needed before natural 
gas enters the pipeline, since these acidic gases (CO2 and H2S) in the original natural 
gas can rust the metal pipelines. In general, the technology most widely used to 
separate acidic gases is amine absorption. However, more and more offshore 
platforms worldwide require compact and environmentally friendly separation 
processes. This nature of membrane technology makes it more attractive to 
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competitive approaches.  In addition, membranes can be included in hybrid systems, 
which incorporate other separation such as cryogenic process for CO2 removal. 
Gas Separation Technology Comparison 
Membranes have been shown the advantages to compete with other gas separation 
processes such as cryogenic distillation, pressure swing adsorption and amine 
absorption, due to the inexpensive and easy operation and maintenance. In order to 
make membrane systems to be more competitive and increase their potential in gas 
separation markets, important factors are their mechanical strength, high efficiency of 
separation, and resistance to impurities in the feed stream. Among above factors, 
higher separation efficiency of membranes is the most attractive to researchers and 
clients. It has been reported that an O2/N2 selectivity of 10 with an O2 permeability of 
1 Barrer could reduce the cost of nitrogen enriched air production by as much as 20% 
[5]. For oxygen production, an O2/N2 selectivity of 8-12 is needed with a high O2 
permeability of approximately 250 Barres, and for the removal of CO2 from CH4 a 
selectivity of 50~100 is preferred with CO2 permeability of 5~10 Barrers [5]. This 
leads to the need for the development of new membrane materials which have better 
separation properties, as well as can survive adverse condition of high pressure, 
temperature and contaminants. 
1.4 Membrane Materials and Structures  
The selection of membrane materials is definitely the most important factors in 
membrane separation technology. The choice of materials is not arbitrary, but based 
on the specific properties, such as 1) high separation efficiency with reasonable high 
flux, 2) good chemical resistance, 3) good mechanical stability, 4) high thermal 
stability, 5) engineering processability, 6) satisfied reproducibility and 7) low cost 
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[16].  Over the last two decades, membrane material science is rapidly developed to 
produce wide range of materials with different structures and specific functions to 
separation goals. The developed materials are mainly classified to organic polymer 
materials and inorganic molecular sieve materials. 
Amorphous polymeric materials, which are cost-effective with sufficient selectivity 
and good processability, are the dominating materials in the membrane separation 
technology. Many studies have investigated the effect of polymer chain structure on 
gas transport in the membrane materials, such as polycarbonates [17-18], polysulfones 
[19], polyesters [20], and polyimides [21-22]. Based on these studies, introduction of 
bulky groups such as the hexafluoroisopropylidene linkage inhibits polymer chain 
packing, resulting in higher gas flux. Simultaneously, suppression of segmental chain 
motions often leads to a greater selectivity. An interesting issue, namely “upper bound 
trade-off curve” was raised by Robeson, depicting the inverse relationship between 
the gas permeability and selectivity of gas pares for various polymeric materials [23]. 
All polymeric materials researched before 1995 are empirically lying on or below the 
straight line of upper bound, as shown in Figure 1.2 [24].   
 
Figure 1.2 Trade-Off Line of Polymeric O2/N2 Selectivity and O2 Permeability 
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Today, inorganic membrane materials such as carbon molecular sieves (CMS) and 
zeolites, are rapidly receiving global attention owing to the superior separation 
properties surpassing the upper separation capability limit of polymeric membranes as 
show in Figure 1.2. CMS membranes are formed from polymeric precursors by 
heating between 500~1200 oC under vacuum or inert conditions. Although this 
material provides enhanced membrane performance, they often are brittle and 
uneconomical to process on an industrial scale now.  Like CMS, zeolites are known to 
be highly selective materials but are extremely difficult to process. 
The structure of membrane design significantly affects the permeation properties of a 
membrane. The real challenge for industrial application is the fabrication of 
membranes having both economically high permeability rates and high durability in 
the gas stream environment. Typical structures used today in membrane processes are 
illustrated in Figure 1.3. Depending on their physical structures, membranes can be 
largely classified as 1) symmetric, 2) asymmetric and 3) mix matrix membranes [25].  
 
Figure 1.3 Structures of various membranes 
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Symmetric structures, which are identical over the entire cross section of the 
membrane, include dense films and porous media that can have cylindrical pores or 
just a sponge-like structure. A homogeneous membrane is referring to dense 
membrane, which has tremendous scientific value and are intensively used in 
laboratory scale for the fundamental study of intrinsic membrane properties. Micro-
porous membranes consist of a solid matrix with defined pores, which strictly 
separate various chemical species by a sieving mechanism.  
The structure of asymmetric membranes is different on the top side and on the bottom 
side. Very often, these membranes have a thin layer at the surface, a so-called “skin” 
supported on a highly porous substructure which provides the membrane with 
adequate mechanical strength. The skin can be homogeneous or porous, and play the 
key role to select gases. Since the selective skin is very thin, asymmetric membranes 
show much higher permeate flux than symmetric membrane. Consequently, 
asymmetric structure was widely utilized in the industrial membranes.  
Deficiencies in both purely molecular sieving media and polymeric materials 
exhibiting performance below the upper bound trade-off line suggest the need for the 
third approach - hybrid to fabricate membranes. Such a membrane could be formed 
using a molecular sieving phase in a polymer phase, named mix matrix membrane. 
This hybrid material can combine the advantages of excellent separation capacity of 
inorganic materials and good processability of polymer materials. However, the 
inherent chemical differences between the inorganic and organic materials often lead 




1.5 Research Objectives 
The preceding sections illustrate the importance of gas permeability, permselectivity 
and operation durability of membrane materials. The improvements of these three 
factors can increase the market potential of membrane technology. In an effort to 
achieve enhanced membrane gas separation performance, the purpose of this study 
was to investigate two different modification methods for polyimide membranes: 
1. Chemical cross-linking modification induced by dendrimers on the 
surface of polyimide membranes. 
PAMAM dendrimers with generations from 0 to 2 were utilized as cross-
linking reagents for this chemical modification. The molecular sizes and shapes 
of PAMAM dendrimers were theoretically simulated by Cerius2 software. The 
possible interactions between dendrimers and polyimide were investigated by 
XPS (X-Ray Photoelectron Spectrometer), FTIR-ATR (Attenuated Total 
Reflection) and gel content measurements. Pure gas permeability tests under 
10atms and 35oC condition were used to verify the improved gas separation 
performance of modified polyimide membranes. The effects of immersion time, 
PAMAM generation, dendrimer structure, and thermal post-treatment on the 
gas transport properties through modified polyimide membranes are discussed 
in Chapters 4 and 5. 
2. Carbonization modification of polyimide membranes. 
The second part of the study focuses on the factors of the chemical structure 
and physical properties of rigid polyimide precursors in determining the 
performance of derived carbon membranes through both the experimental and 
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simulation methods. The thermal stability, micro-structure and chain 
conformation of polyimides were obtained using the thermo gravimetric 
analysis (TGA), Wide-angle X-ray diffraction (WAXD), and commercial 
simulation software Cerius2. Moreover, the above characterizations of 
polyimides were used to explain the different gas permeation properties of the 
resultant carbon membranes. A systematic comparison of the structure-
dependent properties is given in Chapter 6. 
3. Carbonization of bromine substituted polyimide  membranes 
Bromination modification was initially carried out on Matrimid polyimide to 
decrease chain flexibility and increase the d-spacing between chains, before 
undergoing carbonation to produce carbon membranes. The lower thermal 
stability and higher FFV value of brominated Matrimid has significantly 
affected the pyrolysis behavior and the structure of the resulting carbon 
membranes. The investigation and analysis of the bromination effects on 
resultant carbon membranes occur in Chapter 7. 
This work is the first attempt to utilize dendrimers as the cross-linking reagents for 
surface modification of polyimide membranes. In addition, this research may provide 
valuable information for the choice of suitable polyimide precursors in preparing 
carbon membranes. The two modifications not only produced membranes materials 
with enhanced gas separation performance, but also change the durability of resultant 
membranes. In this study, we focus on the improvement of gas separation 
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Background and Theory 
 
2.1 Gas Transport Mechanisms through Membranes 
In gas separation, the movement of penetrant gases is driven by the pressure gradient 
imposed between upstream and downstream. A membrane will separate gases only if 
some components pass through the membrane more rapid than others, as shown in Figure 
2.1.  
 
Figure 2.1 Schematic Representation of Membrane Process 
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According to the structure of membranes, there are two kinds of membranes, porous 
membrane and nonporous membrane, involved in the gas separation. In the porous 
membranes, the gases are separated on the basis of their molecular size through the small 
pores. Therefore, the mean free path of gases and the diameter of pore determine the 
transport properties of gases. The mean free path of gases, which refers to the average 
distance traversed by a gas molecule between collusions, is list in Table 2.1. Based on the 
ratio of the mean free path of gases and the diameter of pore, there are four fundamental 
gas transport mechanisms in porous membranes: 1) Poiseuille Flow, 2) Knudsen 
Diffusion, 3) Surface Diffusion, 4) Molecular Sieving, as illustrated in Figure 2.2. In the 
nonporous membrane, a totally different mechanism “Solution-diffusion” was utilized to 
explain the transport of gases. In this mechanism, the gas molecular sizes, gas 
condensability, the polymeric chain packing and chain mobility affect the gas transport. 
Table 2.1 Mean Free Path of Gases at 0 oC and 1 atm [1] 
Gas Mean free path × 1010(m) 
Ammonia 441 
Argon 635 
Carbon dioxide 397 










Figure 2.2 Main Mechanisms of Membrane-based Gas Separation 
2.1.1 Poiseuille Flow 
The Poiseuille flow known as viscous flow occurs when the mean pore diameter is much 
larger than the mean free path of the gas penetrants. In this condition, membrane contains 
pores large enough to allow convective flow, where gas molecules collide exclusively 
each other. This type of transport mechanism is observed for the porous membrane 
supports, which have the much large pore sizes than gas molecules, at pore size, dp >  
10μm and the flux is proportional to rp4. Therefore, no separation is obtained between the 
gas components.  
2.1.2 Knudsen Diffusion 
Convective flow will be replaced by Knudsen diffusion in a porous membrane, whose 
pore size (dp) is less than the mean free path (λ) of the gas molecules [2]. One way to 
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define the Knudsen diffusion is to calculate the Knudsen diffusion number, NKn=λ/dp, for 
the system. If NKn > 10, the separation can be assumed to take place according to 
Knudsen diffusion. Gases molecules therefore interact with the pore walls much more 
frequently than with one abother and allow lighter moleculers to preferentially diffuse 
through pores to achieve separation. The lower limit for pore diameter is usually set to dp 
> 20Å [3].  
Knudsen diffusion coefficient, Dk (m2/s) is independent of pressure. For an equimolar 
feed, the permeation rate of Knudsen diffusion is inversely proportional to the square root 












D === − πν                                                (2.1) 
where the average pore diameter is given by dp (m), 
−ν  is the average molecular velocity 
(m/s), T is the operating temperature and Mw is the molecular weight of gas. Therefore, 
the highest attainable separation factor between two different gas molecules A and B 




M=α                                                                               (2.2) 
2.1.3 Surface Diffusion 
The driving force for separation according to a surface diffusion is based on the 
concentration of the adsorbed phase of the diffusing gases. This means that a large 
driving force can be attained even with a small partial pressure difference for the 
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permeation gases. The more condensable gases in a gas mixture will be selectively 
adsorbed, hence, the low condensable gases will be retained due to the reduced pore size. 
Therefore, the gas molecular size is not the key factor to determine the transport 
properties in this mechanism. The pore size region which surface diffusion is expected to 
take places is about 5Å < dp < 10Å; or up to three times the diameter of the molecules [4]. 




E−=                                                     (2.3) 
where Es is the difference between transport activation energy and adsorption energy, 
maybe position or negative. When Es < 0, transport due to surface diffusion increase with 
decreasing temperature; for Es > 0, it decreases. 
2.1.4 Molecular Sieving 
Molecular sieving is the dominating transport mechanism which is based on the precise 
size discrimination between gas molecular through ultramicropores (dp < 5Å). The porous 
nature has led to high permeability, while the high selectivity is achieved through 
effective size and shape separation between the gas species. The dimension of a gas 
molecule is usually described either with a Lennard-Jones radius or a Van der Waals 
radius. Carbon molecular sieve membrane and zeolites are the typically membranes 
dominated by this mechanism and give the high separation performance. The separation 
happens when the pore diameters are small enough to allow the permeation of smaller 
molecules while obstructing the larger molecules to diffuse through.  
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2.15 Solution-Diffusion 
The last mechanism, solution-diffusion through a nonporous membrane occurs in the 
absence of direct continuous pathways for the transportation of gas penetrants across the 
membrane. Transport by this mechanism requires that the pentrant sorb into the polymer 
at a high activity interface, diffuse through the polymeric membrane, and then desorb at a 
low activity interface [5]. The diffusion process may be envisioned as a series of 
thermally agitated motion of polymer chain segments comprising the polymer matrix to 
generate penetrant-scale transient gaps in the matrix, thereby allowing the penetrant ot 
executer diffusive jumps, as shown in Figure 2.2. The relative extent of solution and rates 
of diffusion for the gas molecules in polymeric membranes are determined by the 
chemical structure of polymers. 
2.2 Terminology in Gas Transport  
2.2.1 Permeability 
A gas separation membrane functions as a selective barrier material. A feed gas mixture 
contacts the upstream side of the membrane, resulting in a permeate mixture on the 
downstream side of the membrane with an enrichment in one of the components. 
Membrane performance is characterized by two main parameters: 1) the flux of a gas 
component across the membrane and 2) the separation efficiency (selectivity) in 
separating the gas mixture. A measure of the transport flux of a penetrant A through a 
membrane can be expressed as a quantity called the permeability coefficient or 
permeability, PA, which is a driving force-normalized and thickness-normalized flux of 






⋅=         (2.4) 
where NA is molar flux of penetrant A, l is the thickness of the separation or selective 
layer of membrane material, and ΔpA is the partial pressure driving force of penetrant A 
across the membrane. Permeability is often expressed in a unit called Barrers, which 
stands for 10-10 cm3 (STP)-cm/cm2-s-cmHg [6]. 
2.2.2 Selectivity 
The separation of a gas mixture is achieved by a membrane material that permits a faster 
permeation rate for one component over that of another component. The efficiency of the 
membrane in enriching a component over another component in the permeate stream can 







/ =α        (2.5) 
where yA, yB, and xA, xB refer to mole fractions of the components in the permeate stream 
and feed stream, respectively. When the pressure in the permeate stream is negligible, the 
separation factor α*A/B can be expressed as the ratio of the permeabilities of the gas 




P=/*α         (2.6) 
Under these conditions, α*A/B is also called the ideal separation factor or the ideal 
selectivity, which provides a fundamental measure of membranes performance. 
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2.2.3 Diffusivity and Solubility 
Since a pressure gradient is applied across a membrane in the x direction, the one 
dimensional flux of gas A through the membrane in the x direction, NA, relative to a fixed 
coordinate system, is given by 
)( pAAAAA NNwdx
dCDN ++−=       (2.7) 
where C is the concentration of component A in the polymer, DA is the gas diffusivity, 
and 
dx
dCA is the gas concentration gradient in the polymer. Np is the polymer flux relative 
to the fixed coordinate system, and wA is the weight fraction of A in the system. Np is 
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where 
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D      (2.11) 
When the downstream pressure is maintained low enough that pA2 >> pA1 and CA2 >> CA1, 
The permeability cab be expressed as  
AAA SDP
−−=         (2.12) 
where 22 / AAA pCS =
−
 is the secant slope of the sorption isotherm, which is called the 
average solubility coefficient. 
Using Equation 2.6, the selectivity of penetrant A over penetrant B can also be expressed 




















==α       (2.13) 
So the selectivity is a product of the diffusivity selectivity and the solubility selectivity. 
Thus, membrane materials may be tailored to increase selectivity by adjusting these two 
characteristic parameters. The sorption selectivity is dependent on the relative 
condensability of gas penetrants and penetrant-membrane medium interactions, whereas 
diffusivity selectivity is dependent on the relative differences of the diffusion 
coefficirents of gas through the membrane materials.  
2.3 Gas Transport in Rubbery Polymers 
 26
The sorption of gases in rubbery polymers is similar to the sorption of gases in low 
molecular weight liquids, and gas concentration in the polymer, C, often obeys Henry’s 
law: C = kDp[5].  In this expression, kD is Henry’s law constant, and p is the gas pressure 
in constant with the polymer. Diffusion of gases in rubbery polymers obeys Fick’s law 
[7].  
At low penetrant concentrations, the diffusion coefficient is often independent of gas 
concentration. For highly sorbing gases, such as orgnic vapors, or gases at high pressure, 
penetrant concentration in the polymer may deviate from Hery’s law [8]. Under these 
circumstances, gas concentration in the polymer can often be satisfactorily represented by 
the Flory-Huggins equation [9]: 
2)1()1(lnln φχφφα −+−+=       (2.14) 
where α is penetrant activity, which is equal to penetrant pressure in contact with the 
polymer divided by penetrant vapor pressure for ideal gases. The volumje fraction of 
penetrant dissolved in the polymer is φ , and χ is the Flory-Huggins interation parameter. 
In such cases, the diffusion coefficient may increase considerable with increasing 
penetrant concentration. 
2.4 Gas Transport in Glassy Polymers 
Much of the differences between the sorption and transport properties of rubbery and 
glassy polymers arise from the non-equilibrium nature of glassy polymers. As a rubber is 
cooled from above Tg (Glass Transition Temperature), a rather sharp decrease in thermal 
expansion coefficient is observed at Tg. As illustrated in Figure 2.3, a glassy polymer 
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exhibits a specific volume, which is greater than the specific volume of an equivalent 
hypothetical rubber.    
 
Figure 2.3 Schematic of the Specific Volume of Polymer as a Function of Temperature 
2.4.1 Polymers Free Volume and Occupied Volume 
The concept of free volume in a polymer is an extension of the idea from Cohen and 
Turnbull [10], first used to describe the self-diffusion in a liquid of hard spheres, 
demonstrated by in Figure 2.3. Because of the decreased polymer chain mobility and the 
long relaxtion times, the glassy polymer exites in a non-equilibrium state having 
entangled molecular chains with immobile molecular backbones in frozen conformations. 
A volume unit of a polymer is conceptually assumed to be made up of the occupied 
volume (V0) and free volume (Vf), where the specific volume (Vg) is the measure of the 
total unit volume and defined by: 
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ρ
1Vg =        (2.15) 
where ρ is the density of the polymer. Then the specific volume, Vg is given by the sum 
of the occupied volume V0 and the freee volume Vf, as follows: 
fVVVg 0 +=        (2.16) 
The occupied volume contains both Van der Waals volume of the atoms and the excluded 
volume, is given by 1.3 times of Van der Waals volume. Polymers in the glassy state do 
not have the rapid, large-scale segmental motion that gives rubbers their liquid-like 
nature. Due to the unique reduce chain mobility, glassy polymers generally provide a 
more size- and shape- selectivity environment for gas diffusion, as compared to rubbery 
polymers. 
2.4.2 Dual Mode Model 
The sorption isotherm of glassy polymers is generally highly nonlinear due to the 
presence of excess free volume in polymer. Among several sorption models in the 
literature [11-17], the dual mode sorption theory is most widely used to describe 
equilibrium gas sorption in glassy polymers [16-17]. The theory proposes that gas sorbs 
in two types of molecular environments: Henry’s Law type and Langmuir type. The 
Henry’s Law concentration includes penetrants in the “dissolved mode” of a dense matrix, 
while the Langmuir concentration accounts for molecules sorbed into unrelaxed volume. 






'    (2.17) 
where CDA is the Henry’s Law mode concentration of penetrant A, CHA is the Langmuir 
type hole-filling concentration of penetrant A, kDA is the Henry’s Law constant, pA is 
pressure. For mixed gas sorption, C’HA and bA are the Langmuir capacity constant and 
affinity constant for penetrant A, respectively.  
In the dual mode model, the non-equilibrium excess volume associated with the glassy 
state also presents an additional mechanism for penetrant transport and, as a result, the 
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where DD and DH are the gas diffusivity in the dissolved and Langmuir modes, 
respectively. DD is typically much larger than DH. When the downstream pressure is 
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The dual mode model provides the following expression for the concentration dependent, 




















DD D      (2.20) 
where K=C’Hb/kD and F=DH/DD. In the model, gas diffusivity increases with increasing 
gas concentration because the Langmuir mode becomes saturated at higher gas 
concentrations, thus much of the gas added to the polymer at higher penetrant pressures 
partitions into the higher mobility Henry’s law mode. 
Since the Henry’s Law sorption mode in polymer permits additional sorption of 
penetrants with increasing pressure, excessive sorption of penetrants can lead to swelling 
of the polymer matrix, leading to drastic increase in the diffusion coefficients. This 
situation, known as plasticization, results in an upswing in permeability and significant 
loss in selectivity [19]. 
2.4.3 Factors Affecting Gas Transport in Polymer 
2.4.3.1 Penetrant Condensability 
Gas solubility in polymers generally increases with increasing gas condensability. Gas 
critical temperature, Tc, normal boiling point, Tb or Lennard-Jones force constant are all 
measures of condensability which correlate well with solubility coefficients of a range of 
penetrants in a polymer [20]. For example, in most polymers, CO2 (Tc=31oC) is more 
soluble than other gases such as CH4 (Tc=-82.1oC), O2 (Tc=-118.4oC) and N2 (Tc=-
147oC).  
2.4.3.2 Penetrant Size and Shape 
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In general, diffusion coefficients decrease with increasing penetrant size. It is directly 
proportional to the mean molecular velocity and the mean free path of penetrant. Or 
qualitatively, the diffusion coefficient is a function of the frequency of a gas penetrant A 




AAA fD λ=        (2.21) 
where fA is the jump frequency and λA is jump length.  As shown in Figure 2.4, diffusive 
jumps of gas penetrants can only occur when gaps of sufficient size are available. 
Moreover, from this diffusion mechanism, diffusion coefficients are also sensitive to 
penetrant shape as well as size. The diffusivity of linear molecules such as CO2 is higher 
than the diffusivities of spherical molecules of equivalent molecular volume [21]. 
 
Figure 2.4 the Diffusion Process in Polymer 
In this regard, other measures of molecular size, such as the kinetic diameter, are 
frequently used to characterize penetrant size. The kinetic diameter corresponds to the 
smallest diameter zeolites window which allows the gas molecule to enter a zeolites 
cavity [22]. Therefore, the transport of asymmetric molecules is to proceed with diffusion 
jumps of the penetrant through a polymer occurring principally parallel to the long axis of 
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the penetrant. Most glassy polymer membrane achieves high selectivity as a result of high 
diffusivity selectivity. As the deference in the kinetic diameters of the gases to be 
separated increases, the diffusivity selectivity increases. For penetrants which are similar 
in size, selectivity is typically lower. 
2.4.3.3 Temperature 
The diffusion of small penetrant molecules in polymers is a thermally activated process, 





EDD Dexp0       (2.22) 
where ED is the activation energy of diffusion and D0 is a constant [23]. Gas diffusion 
coefficients typically increase appreciablely with increasing temperature when the 
polymer does not undergo thermally-induced morphology rearrangement. Gas solubility 
coefficients are also sensitive to temperature changes. The temperature dependence of gas 





HSS Sexp0       (2.23) 
where S0 is a constant and ΔHS is the partial molar enthalpy of sorption [23]. The 
diffusivity is generally a stronger function of temperature than the solubility coefficient 
(ED>|ΔHS|). As a result, gas permeability increases with temperature. 
2.4.3.4 Chain Mobility 
 33
From the Figure 2.4, Gas diffusion on polymers is also limited by polymer segmental 
motion which results in the formation of a molecular “gap” of sufficient size to 
accommodate a penetrant molecule. Therefore, this process is facilitated by an increase in 
polymer intra-segmental motion. The introduction of flexible linkages such as -O- and     
-CH2-, which have low energetic barriers to intra-segmental bond rotation, into the 
polymer backbone increase torsional mobility and, in turn, gas diffusion coefficients. In 
contrast, bulky side groups or rigid linkages such as aromatic groups decrease torsional 
mobility and, in turn, reduce penetrant mobility [24]. In addition to increasing 
intramolecular barriers to segmental motion, amny rigid groups are also polar and act to 
increase chain-chain cohensive energy density, which also decreases penetrant diffusion 
coefficients [25]. 
2.5 Gas Transport in Molecular Sieving Materials 
For molecular sieving materials, separation is primarily based on differences in diffusion 
rates between molecules of different shapes and sizes. Sorption differences between gas 
molecules can also be a factor to affect separation, but slight in this inorganic materials. 
In molecular sieving materials, the diffusion process is envisioned to occur when a gas 
molecule makes a diffusive jump from one sorption cavity to another through a narrow 
pore opening, as shown in Figure 2.5. Because large sorption cavities connect hers 
narrow pores in a rigid network structure, high permeabilities can also be realized. In this 
activated process, the barrier to diffusion is due to the repulsive forces between the gas 
penetrant and the constricted pores [26].  This activated diffusion can also be expressed 
by Equation 2.22.  
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Figure 2.5 the Diffusion Process in Molecular Sieving Materials 
In addition, molecular sieving materials also possess an entropic selectivity. The entropic 
contribution is accounted for in the pre-exponential factor, D0, for the diffusion 
coefficient shown in Equation 2.22. Derived from transition-state theory, the pre-









TkeD exp20 λ      (2.24) 
where Sd is the activation entropy of diffusion, λ is the average diffusive jump length, kB 
is the Boltzmann constant, h is the Planck constant, and T is absolute temperature. 
Substituting this expression into Equation 2.22 and taking a ratio of the two gas 

















D exp      (2.25) 
where ΔEdAB is the difference in activation energy of diffusion between penetrants A and 
B, and ΔSdAB is the difference in activation entropy of diffusion between penetrants A 
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and B. Thus, the diffusivity selectivity can be viewed as having an enthalpic and an 
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Materials and Experimental Procedures 
Details of the above experiments will be individually reported in the following 
chapters. This chapter describes the materials that involved in this study, the 
membrane preparation techniques and the material characterization methods.  The 
motivation of above experiment work may not be clear at this stage, but will be 
elaborated in latter chapters. 
3.1  Materials 
3.1.1 Polymers 
Polyimides have been chosen as the precursor materials to prepare both polymeric and 
carbon membranes for gas separation.  It is because polyimides are recognized with 
advantages of high Tg, good processability, excellent mechanical stability and thermal 
resistance. The most important is that polyimides exhibit the superior separation 
properties.   
The polyimide material studied in the first part of work, 6FDA-Durene polyimide was 
synthesized in our lab from 2,2’-bis(3,4’-dicarboxyphenyl)hexafluoropropane 
diandydride (6FDA) and 2,3,5,6-tetramethyl-1,4-phenylenediamine (durene diamine). 
6FDA was sublimated before use, durene diamine was recrystallized from methanol, 
and NMP (N-methyl-pyrrolidone) was distilled at 42oC under 1 mbar after drying with 
molecular sieve before use. A stoichiometric 6FDA was added to a durene diamine 
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solution of NMP with stirring under argon at room temperature. After reaction for 24h, 
acetic anhydride and triethylamine (4:1 molar ratio) were slowly added to the solution 
to perform imidization for 24h. After precipitation in methanol, the polymers were 
filtered and dried under 150oC in vacuum for 24h. The chemical structure of 6FDA-















Figure 3.1 Chemical Structure of 6FDA-Durene Polyimide 
In the second part of work, four polyimides containing indan groups were synthesized 
via a generally used two step synthesis route through polycondensation reaction of a 
dianhydride with a diamine. The diamine, 5,7-diamino-1,1,4,6-tetramethylindan 
(DAI), was synthesized in the laboratory through the reaction of m-xylene with 
isoprene, which was followed by nitration and reduction [1-2]. Other chemicals, such 
as 2,2 -bis(3,4 -dicarboxyphenyl) hexafluoropropane dianhydride (6FDA), 
pyromellitic dianhydride (PMDA), 3,3 4,4 -benzophenone tetracarboxylic 
dianhydride (BTDA), 3,3 4,4 -oxydiphthalic dianhydride (ODPA), 3,3 4,4 -biphenyl 
tetracarboxylic dianhydride (BPDA), and N-methyl-2-pyrolidone, were used as 
received. A typical procedure of polyimide synthesis was as follows: a mixture of 
31.6 g (0.098 mol) BTDA, 20.4 g (0.1 mol) DAI, 0.591 g (0.004 mol) phthalic 
anhydride, 7.9 g (0.1 mol) pyridine and 19 g (0.1 mol) p-toluenesulfonic acid 
monohydrate in an NMP/toluene mixture (NMP:28 ml, toluene:10 ml) was stirred at 
150 ◦C for 6 h, and then cooled down. The reaction mixturewas poured into 2 l of 
methanol. The precipitated polyimidewas collected by filtration, followed by 
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thorough washing with methanol and dried at 220 ◦C under a nitrogen atmosphere. 
The yield was 47.5 g (97%). The other polyimides were prepared by the same method. 
The chemical structures of these indan-containing polyimides are shown in Figure 3.2. 
 
Figure 3.2 Chemical Structures of the Indan-Containing Polyimides 
At last, a commercially available polyimide, Matrimid® 5218 (BTDA-DAPI, 
3,3’4,4’-benzophenone tetracarboxylic dianhydride and diamino-phenylindane) 
purchased from Ciba Specialty Chemicals Corporation,  was used as the raw materials 
of the precursors of carbon membrane after bromination. The chemical structures of 














20 wt % solutions of zero-generation (G0), first-generation (G1) and second–
generation (G2) amino-terminated PAMAM dendrimers in methanol and pure DAB 
first-generation (G1) were purchased from Aldrich and used after dilution to a 5 wt % 
methanol solution. The planar schematic structure of these dendrimers was drawn in 
Figure 3.4 and Figure 3.5. 
 















3.2 Preparation of Polymeric Dense Membranes 
A solution was prepared by dissolving 2 wt % of the polymer powder in solvent.  The 
solution was then been filtered with 1 μm filters (Whatman) and cast onto a wafer 
plate.  The casting processes for were carried out at room temperature, using 
dichloromethane as solvent.  The polymer films were formed after most of the solvent 
had evaporated slowly.  The nascent films were dried in vacuum at 250 °C for 48 h to 
remove the residual solvents. Finally, the membrane films with a thickness of about 
50 μm were ready for modification, characterizations and permeation testing. 
3.3 Chemical Cross-linking Modification 
A 5% (w/v) of cross-linking reagent comprising dendrimers in methanol was 
prepared. The membrane modification was performed by immersing the membrane 
films into the cross-linking reagent for a stipulated period of time at ambient 
temperature. The films were washed with fresh methanol immediately after taking out 
from the reagent solution to wash away the residual solution on films, followed by 
drying naturally at room temperature.  
3.4 Fabrication of Carbon Membranes 
3.4.1 Pretreatment - Bromination 
Brominated Matrimid was prepared as shown in Figure 3.6. The bromination was 
conducted by the addition of bromine (6 mL, 18.72 g, 117.13 mmol) to a yellowish 
solution of PI (2.00 g, 3.62 mmol) dissolved in chloroform (13.3 mL, 15% w/v) in a 
100 mL, round-bottom flask equipped with a condenser and a magnetic stirrer. The 
dark red solution was vigorously stirred for 6 h, during which time a dark gum 
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precipitated from the reaction mixture. Methanol (~70 mL) was poured into the flask 
under vigorous stirring to precipitate the yellow, modified polymer. The precipitated 
polymer was filtered and stirred vigorously again in fresh methanol. This was 
repeated until no more bromine could be extracted, this being indicated by colorless 
methanol. The brominated PI was purified by redissolution in chloroform and 
precipitation from 95% ethanol. After vacuum drying, a yield of 90% (2.06 g) was 
obtained.  
 
Figure 3.6 Reaction Scheme for the Bromination of Matrimid 
3.4.2 Pyrolysis Process 
Polymer precursors were first prepared as dense films before pyrolysis.  The pyrolysis 
was performed using a Centurion™ Neytech Qex vacuum furnace, where the polymer 
precursors were placed on wire meshes and carbonized under vacuum.  The function 
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of the wire meshes is to create balanced heat and vacuum environments surrounding 
the polymer precursors during pyrolysis.  The reasonable low vacuum level of ca. 15 
mmHg was controlled during pyrolysis to lessen the energy consumption and 
production cost.  Two pyrolysis temperatures (550 °C and 800 °C) were involved in 
the preparation of carbon membranes for this study.  In general, the final pyrolysis 
temperature was reached in several steps: the polymer films were heated to 250 oC 
from room temperature at a rate of 13 oC/min, subsequently the temperature was 
raised to 535 ºC, and 750 ºC with a heating rate from 3.8 to 2.5 ºC/min and then the 
final temperature was reached at a rate of 0.2 ºC/min, in order to prevent cracking of 
carbon membranes.  Finally, it was held isothermally at the final temperature for 2 h.  
After completing the pyrolysis process, membranes were cooled slowly at 1 oC/min in 
the vacuum furnace to room temperature and stored in a dry box for further studies.  
Conveniently, the samples of carbon membranes are named as CM-Precursor-
Temperature, i.e. the carbon membrane from 6FDA-DAI polyimide at 550oC is 
marked as CM-6FDA-550. The detailed pyrolysis protocols are illustrated in Figure 
3.7.   
 
Figure 3.7 Steps involved in pyrolysis at final temperature of 550 °C and 800 °C 
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3.5 Characterization of Physical Properties 
3.5.1 Measurement of Gel Content 
The gel content of modified films was measured by extracting the cross-linked films 
with dichloromethane for 24 h.  Next, the insoluble fraction was dried in vacuum oven 
at 150 °C for 24 h to a constant weight.  The weights of polymer films before and 
after extraction were measured. Therefore, the gel content was calculated by 




= ×                 (3.1) 
where W1 and W0 are the insoluble fraction weight and original weight of cross-linked 
polymer films, respectively.   
3.5.2 Fourier Transform Infrared Spectrometer (FTIR) 
The chemical bonds in the polymers and chemical structure changes during cross-
linking modification and carbonization were determined from the Fourier Transform 
Infrared Spectrometer. The FTIR measurements were performed using an attenuated 
total reflection mode (FTIR-ATR) with a Perkin-Elmer Spectrum 2000 FTIR 
spectrometer.  
3.5.3 Differential Scanning Calorimetry (DSC) 
The glass transition temperature (Tg) was measured by a Mettler Toledo Differential 
Scanning Calorimetry (DSC) model DSC822.  The heating and cooling rates were 10 
°C/min.  The measurements were conducted in a dry nitrogen environment with a 
flow rate of 20 ml/min.  The sample was first heated to 400 °C and held for 2 min 
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before cooling to room temperatures. These steps were repeated once. The Tg of 
polymer was determined from the midpoint of the baseline-shift region.   
3.5.4 Measurement of Dielectric Constant 
The out-of-plane dielectric constants of original and modified polyimide membranes 
were inverstigaed using a TA DEA 2970 Dielectric Analyzer system under 
frequencies of 1 Hz and 100 Hz, respectively. Before the measurement, the film was 
redried in a vacuum oven at 80°C to remove any moisture absorbed in the film 
overnight and then gold-coated on both sides via vacuum evaporation deposition for 
40 s. The gold-coated film was placed between upper and lower thin film sensors 
(parallel) in the DEA furnace. During measurement, the force applied on the sample 
was 450N. 
3.5.5 Surface Morphology of Membranes 
The surface morphology of the membranes was studied using a Nanoscope IIIa AFM 
from the Digital Instruments Inc. In each case, an area of 200 nm x 200 nm was 
scanned using the tapping mode. The drive frequency was 330 ± 50 kHz, and the 
voltage was between 3.0 – 4.0 V. A drive amplitude, set point and scan rate of 300 mV, 
3.34 μV and 1.0 Hz were used, respectively.  
3.5.6 Measurement of Density and Fraction of Free Volume (FFV) 
The density of membrane sample was measured by a top-loading electronic Mettler 
Toledo balance coupled with density kit based on the Archemedes’ principle.  The 
samples were first weighed in air and again in a known-density liquid, which was 
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high purity ethanol (99.9%) in this study.  The measurement was carried out at room 







ρ ρ= −                 (3.2) 
where wo and w1 are the membrane weights in air and in ethanol, respectively. 
The fraction of free volume (FFV), which is the ratio of the expansion volume (Vf=V-
V0) to the observed specific volume (V), is calculated from the following equation: 







==                                                                                            (3.3)      
where V0 is chain occupied volume calculated from the Van der Waals volume (V0=1.3 
Vw), which can be obtained from the Bondi’s group contribution [3]. 
3.5.7 Thermogravimetric Analysis (TGA) 
The weight loss of dendrimer modified polyimide during post thermal treatment and 
the weight loss of carbon membranes during pyrolysis were characterized by 
thermogravimetric analysis (TGA) with a TGA 2050 Themogravimetric Analyzer (TA 
Instruments). The analysis was carried out with a ramp of 10 °C/min in the 
temperature range from 50 to 900 °C.  The purge gas was N2 and its flow rate was 
controlled at 50 ml/min.  
3.5.8 TGA-FTIR 
The weight loss of carbon membranes during pyrolysis was characterized by 
thermogravimetric analysis (TGA) with a TGA 2050 Themogravimetric Analyzer 
(TA Instruments). The analysis was carried out with a ramp of 10 °C/min at the 
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temperature ranging from 50 to 900 °C. The purge gas for balance was N2 and its flow 
rate was controlled at 50 ml/min. With the aid of N2 flow, the exhausted products 
from TGA were flushed through a transfer line to gas cell of a Bio-Rad FTS-3500 
FTIR spectrometer. The temperatures of transfer line and gas cell were maintained at 
150 °C to prevent condensation on the windows. The exhausted products were 
analyzed in a gas cell and the IR spectra were obtained by a KBr beam splitter. With 
TGA-FTIR, the mass loss throughout the profiles and materials emitted at particular 
temperature can be obtained. 
3.5.9 Wide Angle X-ray Diffraction (WAXD) 
Wide-angle X-ray diffraction (WAXD) was performed to quantitatively measure the 
ordered dimensions and interchain spacing of membrane materials with a Bruker X-
ray diffractometer (Bruker D8 advanced diffractometer) at room temperature. The d-
spacing values are interpreted as the average chain spacing.  The measurement was 
completed in a scan range of 2θ = 2.5 to 65.4° with a step increment of 0.02°.  Ni-
filtered Cu Kα radiation with a wavelength of λ=1.5418Å was used in the 
experiments. The average d-spacing was determined based on the Bragg’s law.  
 2 sinn dλ ϑ=                   (3.4) 
where d is the dimension spacing, ϑ  is the diffraction angle, λ is the X-ray wavelength 
and n is an integral number (1, 2, 3…). 
3.5.10 Gel Permeation Chromatography (GPC) 
The molecular weights of polyimides were determined by gel-permeation 
chromatography (GPC) measurements which were carried out on a HP 1100 HPLC 
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system equipped with the HP 1047A RI detector and the Agilent 79911GP-MXC 
columns. Tetrahydrofuran was used as the solvent and the flow rate was controlled as 
1.0 ml/min.  The polymer was dissolved in tetrahydrofuran at a concentration of 0.005 
wt.%. The molecular weights were estimated by comparing the retention times in the 
column to those of standard poly(styrene). 
3.5.11 X-Ray Photoelectron Spectrometer (XPS) 
The XPS measurements were carried out by an AXIS HSi spectrometer (Kratos 
Analytical Ltd., England) using a monochromatized Al Kα X-ray source (1486.6 eV 
photons). All core-level spectra were obtained at a photoelectron take-off angle of 90° 
with respect to the sample surface.  
3.5.12 Ultraviolet Absorbance Spectra (UV) 
Ultraviolet (UV) absorbance spectra of original and modified polyimide films were 
obtained on a Beckman DU-65 spectrophotometer, using reflection model in the range 
of 200~800 nm.  
3.5.13 1H-NMR Spectra 
A Bruker 400 MHz NMR spectrometer was used for recording 1H-NMR spectra of 
polyimide in the region of 0-12 ppm at room temperature using CDCl3 as a solvent. 
Chemical shift (δ) are given in ppm with tetramethylsilane as an internal standard. 
3.5.14 In-plan Orientation of Polyimide Films  
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The degree of in-plan orientation of polyimide films were indirectly demonstrated by 
conoscope. Monochromatic, vertically polarized laser light impinges on a polyimide 
film with 90o of incidence. The phase shift between the normal and the extraordinary 
light beam behind the polyimide film is recorded. The incident linearly polarized wave 
can be regarded as the superimposition of two “in phase” oscillating waves which are 
polarized, one perpendicularly and the other parallel to the in-plan orientation direction. 
The two light waves pass through the film at different speeds, inducing a phase 
difference. If the corresponding refractive indices are designated by na0 and n0, l is the 
distance in the film covered by the light, and then there is a difference in optical paths 
for the two waves of )( 0 aa nnl − . This corresponds to a phase displacement: 
           )(2 00 nn
l
a −=Δ λπ                                                                               (3.5) 
where λ is the wavelength of the light. The luminous intensity I behind the analyzer is 
obtained when the polarizer and the analyzer are crossed and the light pass through the 
polyimide film. I0 is the luminous behind the analyzer when the polarizer and the 
analyzer are aligned in the same direction and there is no film in the sample holder. 
The relationship between these two values is: 
2
sin20
Δ= II                                                                                         (3.6) 




I=Δ                                                                                      (3.7) 
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Comparison between the Δ of different polyimide films may tell us the relative degree 
of in-plan orientation of these polyimides. 
3.5.15 Simulation of Polymer Chain Properties 
The chain properties of polyimides also were simulated by Cerius2 software on SGI 
(Silicon Graphic Inc.) workstation. Each polyimide chain simulated consists of 50 
repeating units so that the system size is enough to represent conformations of a real 
polymer chain. The initial structures of polyimides were optimized by a molecular 
mechanics technique. Then a RMMC (the “RIS” Metropolis Monte Carlo method) 
module within the Cerius2 for material science was used to calculate the properties of 
polymer chains, such as the mean-squared end-to-end distance, molar stiffness 
function and intrinsic viscosity of the polymer chains [4].  The most advance 
polymeric force field, pcff (polymer consistent force field), was used for all systems. 
In addition, van der Waals interactions, electrostatic (Coulombic) and torsion 
interactions were included in RMMC simulation. During calculations, 100,000 steps 
were used in the equilibrium portion while 500,000 steps were used in the production 
portion of the “RIS” Metropolis Monte Carlo simulation. Ten conformations of 
polymer chain were built for the particular polyimide and the results were averaged 
from these calculations.  
3.6 Characterization of Gas Transport Properties 
3.6.1 Pure Gas Permeation Tests 
Most of the polymer/penetrant systems studied here involved physical diffusion, i.e., 
in the absence of any significant chemical reactions between the polymer and 
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penetrants.  To measure this, one of the flow techniques was used in our laboratory. 
The pure gas permeability coefficients were measured by using a constant volume-
variable pressure method.  Figure 3.8 illustrates the details of the gas permeation cell 
designed. The feed side of the cell comprised a controlling valve, a pressure gauge 
and a gas reservoir at a volume of 1000 cm3 to prevent or minimize any large 
fluctuations of gas pressure during the experiments. The experimental temperature 
could be controlled since the permeation cell was thermostatic. The permeation cell 
was calibrated and the volumes of the downstream compartments were calculated 
using standard polycarbonate membrane and its published permeability data. 









Figure 3.8 Schematic Diagram of a Gas Permeation Cell. 
The membrane of interest was mounted onto the gas permeation cell in such a way 
that it formed a barrier to the flow of the gas to-be-tested. The thickness of the 



















US   = Upstream 
DS   = Downstream 
INT = Internal Downstream 
PG   = Pressure Gauge 
PT   = Pressure Transducer  
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membrane was measured using a digital film measurement tool and the error is ± 1 
micrometer. The area of the membrane tested was about 2 cm in diameter. The 
standard pressure used at the permeate side is 10 atm. The pressure of CO2 was varied 
from 2atm to 30atm for plasticization test. Both sides of the membrane were sealed 
with O-rings. We assumed that the gas permeation through these rings was negligible 
as compared to that via the membrane. After the membrane was mounted onto the 
cell, the permeation apparatus was evacuated for 24 hours until the system pressure 
dropped below 0.02 mmHg. This step was to remove any residue gas or air trapped in 
the membrane so that the permeation of the gas to-be-tested would not be affected 
when it is introduced into the cell. The experiments were started by feeding in the gas-
to-be-tested at the temperature and pressure of interest. The upstream pressure was 
maintained constant as the gas permeated through the membrane and give rise to be 
downstream pressure that was then measured using a Baratron® (MKS instruments, 
Inc., USA) pressure transducer. This was recorded by a computer, which was attached 
to a data shuttle (Workbench PC for Windows-v5.01.04).  
The permeabilities were obtained in the sequence of He, O2, N2, CH4 and CO2 for 
polymeric membranes and N2, CH4, CO2 and O2 for carbon membranes, respectively.  
The gas permeability P was determined from the rate of pressure increase (dp/dt) 









× ⎛ ⎞= ⎜ ⎟×⎛ ⎞ ⎝ ⎠⎜ ⎟⎝ ⎠
            (3.8) 
Where P is the permeability of a membrane to a gas in Barrer (1 Barrer = 1 x 10-10 
cm3 (STP)-cm/cm2 sec cmHg), V the volume of the downstream chamber (cm3), A 
refers to the effective area of membrane (cm2), L is the thickness of membrane (cm), 
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T the operating temperature (K), dp/dt the rate of pressure measured by pressure 
transducer in the downstream stream chamber (mmHg/s) and the pressure of feed gas 
in the upstream chamber is given by p2 in psia.   
The experimental error in the permeability data was estimated to be between ± 5%. 
The percentage error was estimated by comparing the data with the nominal values 
obtained from a reference membrane. The gas permeation test of the reference 
membrane was conducted each time before and after the testing of the polymeric and 
carbon membranes used in this study. The experiment on each piece of the membrane 
was repeated for three times. The volumes of the downstream compartments and the 
measured thickness of the membrane were likely to contribute most to the overall 
experimental error.  
The apparent diffusion coefficient, Dapp (cm2/s) was estimated from the time lag 
method [5] by using the following equation where θ  is the time lag.  The time lag 
method was used to calculate the diffusion coefficient for most of the gases tested. 
The diffusion coefficient for He is not reported in the thesis because there was no 




LD θ=                  (3.9) 
The time lag is a measure of the period of transient transport that occurs before 
steady-state permeation is obtained; that is when the gas dissolves in the upstream 
membrane surface, diffuse across the membrane and desorbs from the downstream 
membrane surface to give rise to the increasing pressure in the downstream chamber. 
The time lag is obtained by extrapolating the line of the steady-state permeability plot 








Figure 3.9 Pressure versus Time Plot (transient and steady state permeation). 
The permeability P is the product of apparent diffusivity Dapp and solubility Sapp [5].  
Based on the diffusion-solution mechanism, the apparent solubility coefficient, Sapp 
(cm3(STP)/cm3(polymer)-cmHg) can be calculated from equation (4.6). The 





=                  (3.10) 
The separation efficiency of two pure gases, (A, B) may be evaluated from the ratio of 
their permeability that is known as the separation factor or ideal selectivity, /*A Bα . 
The diffusivity selectivity, /
D
A Bα and the solubility selectivity, /S A Bα  are given by the 





α =                    (3.11) 





















α =                                                                      (3.13) 
3.6.2 Pure Gas Sorption Tests 
The gas sorption isotherms for polyimide and carbon membranes were obtained from 
pure gas sorption tests using a Cahn D200 microbalance sorption cell, which consists of 
one sample pan and one reference pan, illustrated in Figure 3.10. The gas was tested 
sequentially from N2, CH4, CO2 and O2 at 35 °C.  The microbalance was first calibrated 
with every individual gas as a function of pressure. Then approximately 100 mg of 
polymeric films were placed on the sample pan. The system was evacuated for 24 h prior 
to test. A chosen gas at a specific pressure was fed into the system and the sample started 
to sorb the gas until the equilibrium was reached. The testing pressure was increased 
subsequently from 0 to 17 atm (250 psi) without vacuum.  From the weight gained, the 
amount of gas dissolved in the membranes was calculated after correction for buoyancy.   
 














The amount of gas dissolved was calculated from the weight difference of the 
polymer sample and the buoyancy shown in equation (3.14) where Wp and Wsp are the 
balance readings with and without polymer sample respectively (mg). The buoyancy 
could simply be calculated once the polymer volume and gas density at each pressure 
is known.  
 Gas dissolved =   + Buoyancyp spW W−            (3.14) 
The gas dissolved was then converted to the amount of gas sorbed (C) at standard 
temperature and pressure (STP) per volume of polymer using the information of the 
gas molecular weight (MW) and polymer sample volume (Vp) as given in equation 
(3.15). C is given in cm3(STP)/cm3 polymer, the weight of gas dissolved is in mg, MW 
is given in g/mol and Vp is given in cm3. The sorption parameters shown in Chapter 
Two, equation (2.17), kD (cm3(STP)/cm3atm), 'HC  (cm
3 (STP)/cm3) and b (1/atm) 
were then obtained from the non-linear least square fitting method based on pressure 





×= ×              (3.15)            
The most likely source of error in determining C in equation 3.15 is the leakage of the 
sorption cell. The magnitude of error is estimated to be less than 10% based on the 
reproducibility of the experimental data. Each experiment was conducted three times. 
A reference polymer with a known C value was also tested before and after the testing 
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6FDA-polyimide films modified by polyamidoamine (PAMAM) dendrimers with 
generations of 0, 1 and 2 are reported in this article. The actual molecular conformation and 
bulk size of these three generation dendrimers immobilized on polyimide surface were 
characterized by AFM. After comparing with the results of dynamic simulation, we believe 
that the disk-shape cluster structure of dendrimers has been developed on the polymer 
surfaces. The amidation and cross-linking reaction between dendrimers and polyimide were 
examined and quantified by XPS (X-Ray Photoelectron Spectrometer), FTIR-ATR 
(Attenuated Total Reflection) and gel content measurements. Modification time and the 
generations of PAMAM dendrimer have been verified as two important factors in 
determining the properties of modified polyimide films. These modified polyimide films 
exhibit excellent gas separation performance.  The ideal selectivity of He/N2 increases 
tremendously to about 200% as compared to that of the original polyimide film. 
Particularly, the separation performance of CO2/CH4 gas pair can be improved beyond the 
upper bond limit possibly due to the strong interactions of dendrimer molecules with CO2, 




4.1 Introduction  
For polymeric membrane materials utilized in gas separation processes, high permeability 
and high selectivity are essential in order to produce high purity products with minimal 
operating costs. In addition, good physical and chemical resistances of the materials are 
necessary to prolong the lifetime of membrane systems [1-4]. Among many polymeric 
materials researched in the past few decades, aromatic polyimides have been found to 
possess both good physical and gas separation properties due to their rigid chain structure 
and unique chemistry [5-10]. Extensive works have been carried out to tailor the chemical 
structure of polyimides in order to search for materials with better gas separation 
performance [11-15]. However, these attempts seem to be approaching a limit which is 
shown in the trade-off curve for gas permeability and selectivity [16, 17]. Meanwhile, other 
progresses on the cross-linking modification of polyimides have received worldwide 
attention because neat polyimides tend to be attacked by the highly soluble impurities in 
the feed stream.  Experimental results suggest that the cross-linking modification imparts 
polyimides with anti-plasticization, chemical resistance and sometimes better gas 
separation properties when compared to the normal trade off line. Cross-linking 
modifications of polyimides can be induced by several methods, such as ultraviolet (UV) 
light, ion beam radiation, thermal treatment, and chemical modification [18-37]. However, 
the difficulties of implementing irradiation uniformly on the hollow fiber and deteriorations 
of the subtle asymmetric structures by high temperature treatments may limit these two 
applications. To overcome the above drawbacks, different chemical modification methods 
have been proposed. Hayes [18, 19] at DuPont developed novel chemical cross-linking 
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modifications for polyimides by immersing the polyimide membranes in amino compound 
solutions followed by thermal treatment. Staudt-Bickel et al. [30] cast films from the 
solution of diamino benzoic acid (DABA) based copolyimide and ethylene glycol, 
followed by cross-linking under solid-state conditions. Wind et al. [31, 32] not only 
extended Staudt-Bickel et al’s work but also evaluated other types of glycols to investigate 
their anti-plasticization characteristics. Liu et al. [33] reported p-xylenediamine could 
induce chemical cross-linking reactions between its free primary amine groups and the 
imide groups of polyimides at room temperature. This approach has been successfully 
applied to other polyimide films and hollow fiber membranes with enhanced 
anti-plasticization properties by our group [34-37]. It was proven that the cross-linking 
modification tends to increase chain packing and inhibits the intra-segmental and 
inter-segmental mobility. Therefore, an increase in the degree of cross-linking may result in 
higher gas selectivity, but lower gas permeability for most cross-linked polymeric 
membranes. 
Star-like PAMAM dendrimers with regular and highly branched three-dimensional 
architecture were discovered by Tomalia et al [38, 39]. The molecular functionalities such 
as the number of end groups, branch points, molecular weight and size can be perfectly 
controlled by using different generations of synthesis. The high-density functional groups 
at the surface or in the cavities of PAMAM dendrimers, offer us several potential 
applications based on their chemical, physical, optical, multi-redox, and catalytic properties 
[40, 41]. Using dendrimers as a membrane material was first reported by Sirkar and his 
coworkers [42-44]. In their research, high performance CO2 selective liquid membranes 
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were developed using dendrimers as a CO2 selective molecular gate. Their discovery opens 
new dimensions of research and potential applications of dendrimers in the modifications 
of membrane materials. Recently, polymer films chemically grafted by PAMAM on the 
surface have been reported for gas separation by Fail et al. [45] and Cha et al. [46]. Fail et 
al. immobilized the PAMAM dendrimers onto the surface of a polypropylene film by 
means of plasma followed by heat treatment, inducing a highly cross-linked structure layer 
which improved the gas barrier. Using the same method, Cha et al. prepared 
poly(dimethylsiloxane) dendrimer composite films which formed a complex with AgBF4, 
and thus exhibited excellent gas separation performance.  
In this chapter, surface cross-linked fluoro-polyimide membranes were prepared by 
immersing polyimide membranes into PAMAM methanol solutions at room temperature, 
followed by drying at room temperature. Compared with plasma induced covalent 
attachment of dendrimers [45, 46], our approach is more convenient and feasible in the 
modification of hollow fiber membranes. PAMAM dendrimers with generations up to 2 are 
utilized and their molecular sizes and shapes are theoretically simulated by Cerius2 
software. AFM (Atom Force Microscopy) characterizes the actual morphology of PAMAM 
dendrimers immobilized onto the polyimide surfaces. The possible interactions between 
dendrimers and polyimide are investigated by XPS (X-Ray Photoelectron Spectrometer), 
FTIR-ATR (Attenuated Total Reflection) and gel content measurements. These experiments 
in addition to the pure gas permeability tests under 10 atm and 35oC condition are used to 
determine the effects of the different generations of PAMAM dendrimer and immersion 
times on the properties of modified polyimide films. CO2 and CH4 sorption tests were 
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carried by a microbalance to verify the interaction between CO2 and PAMAM dendrimer 
molecules. 
4.2 Results and Discussion 
4.2.1 PAMAM Dendrimers with Generations 0, 1, 2 
It is well known that the number of end groups, molecular weight and the size of 
dendrimers are related to their generations, which will directly affect the modification 
ability of dendrimers. The molecular sizes of much higher generation PAMAM dendrimers 
in methanol solutions have been measured by Prosa et al. using small-angle x-ray scattering 
[47]. However, their method is not suitable to resolve the small dendrimers like generation 
0, 1 and 2, since the shapes of small dendrimer cannot be claimed to be sphere-like, 
star-like or an ellipsoid of revolution. In this study, Cerius2 software is utilized to simulate 
molecular sizes and conformation of generation 0, 1 and 2 PAMAM without consideration 
of the solvent effect. As illustrated in Figure 4.1, the smallest G0 PAMAM dendrimer has 
four branches and four free primary amine surface groups. With each increasing generation 
of PAMAM, the numbers of branches and surface groups are doubled. Due to the 
interaction between branches, the increase in molecular size is slower as compared to that 
of the branches and surface groups. Therefore, low generation PAMAM dendrimers show a 
rather open and incompact structure. When the generation increases, the structure tends to 
become somewhat denser and more spherical. As a result, the density of surface functional 
groups and accessibility for chemical reaction might be enhanced by increasing the 




Figure 4.1 Planar Schematic of the Basic PAMAM Dendrimer Functionality 
To our best knowledge, only molecular morphology of higher generation (≥ 4) PAMAM 
dendrimers on substrates has been studied [48-50]. Tsukruk et al. [50] reported a 
self-assembled multi-layer structure constructed by the G4 dendrimer on the SiO2 surface. 
In this study, the AFM micrographs reveal the real morphology of smaller generations (G0, 
G1 and G2) PAMAM dendrimers attached onto the polyimide surface. As illustrated in 
Figure 4.2, the modified surface appears to have a nodule structure with an increased 
surface roughness. The diameter and the height of the nodular structure are much bigger 
than the simulation results as displayed in Figure 4.3, which shows the simulated molecular 
diameter of G0, G1 and G2 PAMAM dendrimers are 1.6, 3.0 and 4.0 nm, respectively. In 
addition, the nodule height is smaller than its diameter. This indicates that dendrimer 
molecules accumulate together to form disk-shape clusters, grafting on polyimide surface 
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during the immersion for chemical modification.  
 
Figure 4.2 AFM of 24 Hours PAMAM Modified Polyimide Surfaces 
 
 
Figure 4.3 Dimensions of Different Generation PAMAM Dendrimers Simulated by 
Cerius2 
The grafted polyimide surface appears to have different morphologies with different 
generations of dendrimers. Because of the incompact structure, smaller generation 
PAMAM dendrimers can easily interpenetrate into one another and construct clusters 
consisting of a large number of dendrimer molecules. As a result, the size difference 
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between the single molecule and the cluster is significant. (i.e., for G0 PAMAM, a cluster 
size is about 5 times bigger than a single molecular size. However, for G1 and G2 PAMAM, 
the difference decreases to 3 times). Moreover, because of the interactions between 
dendrimers, there are some linkages between clusters. These linkages appear to be stronger 
for the surface modified by smaller generation dendrimers, which result in a more uniform 
surface structure. When higher generation dendrimers are used, a less number of dendrimer 
molecules can accumulate on the polyimide surface because of their denser molecular 
structure and larger steric intermolecular hindrance. Consequently, the size difference 
between the single molecule and the cluster is smaller. The weaker intermolecular 
interactions result in weak molecular linkages, thus makes clusters in circular shape in 
order to lower the surface energy.  
4.2.2 Effects of Immersion Time on the Properties of G0 PAMAM Modified Polyimide 
Membranes 
The gel contents of the G0 PAMAM modified films were measured in dicholoromethane 
which is the solvent used to cast 6FDA-durene dense films. Table 4.1 summarizes that the 
gel content increases with an increase in the immersion time, indicating that there is a 
reaction between the polymer and dendrimer, and this reaction decrease the solubility of 
the polymer solvent. Compared with the reference [33] which has reported p-xylene 
cross-linked polyimide, the gel content of these cross-linked films increase more slowly, 
as the big molecular size of PAMAM dendrimer needs more time to penetrate into the 
polymer matrix. 
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Table 4.1 Gel contents of G0 PAMAM Modified Polyimides Membranes 
Immersion time Unmodified 20mins 60mins 24hours 7days 
Percentage of Gelation (%) 0 13.49 53.13 92.93 95.83 
 
Dielectric analyzer was also used to observe the changes of polymer chains during the 
modification process. Table 4.2 shows the dielectric constant increases with prolong 
immersion time. The increase of dielectric constant may be due to the decrease of polymer 
chains’ mobility and free volume after modification. For the unmodified 6FDA-durene, its 
dielectric constant is very low because the polymer chains which have many polar and 
bulky side groups can rotate freely. However, the modification reduces the free volume 
and restricts chain mobility, thus making the polymer more polar and increasing the 
dielectric constant in the process. 







Unmodified 2.03 2.00 
20mins 2.37 2.31 
60mins 2.48 2.39 
24hours 3.18 2.95 
7days 3.47 2.99 
 
Covalent and hydrogen bonds between the dendrimer and polyimide are supposed to play a 
 71
crucial role in the formation of composite dendrimer-polyimide membranes. The reaction 
between polyimide and G0 PAMAM dendrimer was proven by FTIR-ATR spectra. The 
intensities of the characteristic peaks of imide group at 1780, 1728 and 1380cm-1 decrease 
with increasing immersion time. Meanwhile, the characteristic peaks of amide groups at 
1656 and 1550, and 3300cm-1 (attributed to N-H bond) appear and become stronger with 
immersion time.  
 
Figure 4.4 FTIR-ATR Spectra of Original and G0 PAMAM Modified Polyimide 
membranes 
Detailed XPS experiments are used to monitor the modification process. Figure 4.5 shows 
the respective C 1s core-level spectra of the original polyimide surface (a) and the modified 
surface by the G0 PAMAM dendrimer for durations of 20min, 1hr, 24hrs and 1 week (b, c, 
d and e, respectively). The C 1s core-level spectrum of the original polyimide membrane 
can be curve-fitted to four peak components, having bond energies at 284.6 eV for the C-H 
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species, at 285.8 eV for the C-N, at 288.4 eV for the N(C=O)2 (imide) species, and at 292.8 
eV for the CF3 species [51]. After modification, the intensity of the peak for imide groups 
(288.4 eV) decreases, indicating that the imide groups react with primary amine groups of 
PAMAM dendrimers to form amide groups. As a result, modified membranes exhibit a new 
peak at 287.9 eV for –NH-(C=O)- (amide) species, which may be contributed by the 
amidation reaction and PAMAM dendrimer.  
 
Figure 4. 5 XPS C 1s Core-level Spectra of G0 PAMAM Dendrimer Modified Polyimide 
Membranes 
The peak at 292.8 eV for the CF3 species was selected as an internal reference, since this 
group is not involved in the modification reaction. Therefore, the degree of reaction can be 
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estimated from the area ratio of imide group at 288.4 eV to the internal reference peak at 
292.8 eV. As shown in Table 4.3, the decrease in area ratio with an increase in immersion 
(modification) time, indicating an increase in the degree of reaction. Table 4.3 also lists the 
quantitative ratio of elements N to F on modified membranes surfaces as a function of 
immersion time. As the content of F elements in polyimides remains constant during the 
modification process, the increase in the N/F ratio can be used to determine the exact 
loading quantity of PAMAM dendrimer upon the outer polyimide skin. For the original 
6FDA-polyimide membrane, the measured N/F ratio is 0.3 and Aimide/ACF3 is 2.0, which are 
consistent with the theoretical values calculated from the molecular structure, which a 
single 6FDA-polyimide unit contains of 2 N atoms and 6 F atoms, as well as 4 imide C 
atoms and 2 tri-fluoride C atoms.   






Average number of 











of reacted free 
primary amine 
groups 
Original 0.3 - 2.0 - - 
20mins 0.6 6.3 1.4 7.6 3.8 
60mins 0.7 4.5 1.2 7.2 3.6 
24hours 1.3 1.7 0.7 4.4 2.2 
7days 1.3 1.7 0.7 4.4 2.2 
 
For the 20-min immersion sample, due to the loading of each G0 PAMAM dendrimer 
molecule containing of 10 N atoms, the N/F ratio is increased to 0.6. This indicates that 
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each polyimide unit reacts with an average of 0.16 PAMAM dendrimer molecules (for 
reader’s purpose, the following equation shows the formulation of calculation: 
)(16.0)/(10/))/(2)/(66.0( PAMAMPAMAMNunitNunitF =−× . In other words, one 
PAMAM dendrimer molecule reacts with an average of 6.3 polyimide units (i.e. 
1/1.6 6.3» ), with the total of 25.2 (6.3×4) imide carbon atoms.  In addition, Aimide/ACF3 
drops from 2 to 1.4, indicating that there are approximately 30% of the imide groups 
located near the outer skin have converted to amide groups. Therefore, we may conclude 
that a PAMAM dendrimer would react with a total of 7.6 (25.2×30%) imide C atoms (from 
6.3 polyimide units) during modification. Since a free primary amine group will react with 
an imide group from PAMAM dendrimers to convert 2 imide C atoms to amide C atoms, 
the above calculation also suggests that an average of 3.8 (7.6/2) free primary amine groups 
of a PAMAM dendrimer molecule would react with 6.3 polyimide units during the 
modification.  
The calculated results for other modified membranes are also listed in Table 4.3.  The 
tabulated data reveals that the N/F ratio increases, while the Aimide/ACF3 decreases with 
immersion time, indicating both PAMAM dendrimer loading and the average degree of 
conversion of imide groups increase with immersion time.  However, the number of 
primary amine groups involving in amidation reaction decreases with immersion time.  
Moreover, after a lengthy immersion time of more than 24 hours, the PAMAM dendrimer 
loading and chemical modification at the outer skin of polyimide membranes are 
apparently reach equilibrium, probably resulting from a decrease in the available sites for 
polyimides to be cross-linked.  As a consequence, the subsequent loading of PAMAM 
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dendrimer can only physically adsorb on the top of the surface to form clusters without 
chemically reacting with polyimides, which is in agreement with the AFM observation as 
illustrated in Figure 4.2.  
Therefore, the possible chemical mechanism is illustrated in Figure 4.6, after summarized 
the results of FTIP-ATR and XPS. The amine groups of PAMAM react with some imide 
groups of 6FDA-durene polyimide to form amide bonds. Since G0 PAMAM contains 4 free 
amine groups, the resulting cross-linked structure is more complicated than those induced 


































































 Figure 4.6 The Possible Chemical Mechanism of Polyimide Modification by G0 
PAMAMA Dendrimer 
Dielectric constants measurement already proved that dendrimer molecules will fill in the 
free volume between the polymer chains and cross-linking the polymer chains to reduce the 
free volume and restricts chain mobility of polyimide. With this space filling effect, due to 
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the bulk of dendrimer molecules, D-spacing should be changed during modification. 
D-spacing changes of modified polyimides were monitored by XRD. From the first peak 
result listed in Table 4.4, we can conclude that cross-linking reagent opened the polymer’s 
chains when the immersion time is short, and then chains became much tighter due to 
higher degree of cross-linking when prolonging the immersion time. Although XPS shows 
that the N/F ratio has stabilized on the membrane surface after 24h immersion, the 
cross-linking reaction keeps undergoing between polymer chains and dendrimers to make 
the D-spacing smaller with increasing immersion time. 
Table 4.4 Comparison of d-spacing for G0 PAMAM Modified Polyimide Membranes 
6FDA-Durene 
d-space (Å) 








The gas permeabilities of the cross-linked 6FDA-durene dense films are summarized in 
Table 4.5. During immersion process, due to the slow diffusion of dendrimer, different 
degree of cross-linking throughout the films may create an asymmetric structure films. We 
only can get the apparent permeabilities of cross-linked films to show the effects of 
cross-linking modification on gas separation properties.  
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Table 4.5 Gas Permeabilities and Selectivity of Original and G0 PAMAM Modified 
Polyimide Membranes 
Permeability (Barrer*) Permselectivity Immersion 
Time 
O2 N2 CH4 CO2 CO2/CH4 CO2/ N2 O2/N2 
Unmodified 148.3 42.8 33 517 15.7 12.1 3.46 
20mins 137.6 35.0 24.9 568 22.8 16.2 3.93 
60mins 115.6 26.9 17.9 451 25.1 16.8 4.30 
24hours 44.1 8.2 4.43 157 35.6 19.2 5.38 
7days 7.33 1.14 0.46 21.6 46.8 18.9 6.42 
*1 Barrer = 1 x 10-10cm3(STP)-cm / cm2 s cmHg 
The decrease of gas permeabilities are mainly attributed to 1) the cross-linking structure, 2) 
the increased inter-segmental interaction among the amide groups with the aid of 
hydrogen bonds, and 3) the reduced free volume due to the space filling effect by 
dendrimers, which retard gas diffusion through the outer skin of modified films. As 
verified by XPS in Table 4.3, the modification induced by G0 dendrimer reaches 
equilibrium at the outer skin after 24-hr immersion time. However, the gas permeability 
still goes down when the modification time exceeds 24 hrs. This may have resulted from 
the fact that the G0 dendrimer will continuously diffuse into the polymer matrix deeper 
than the response depth of XPS, and increase the gas barrier. However, the order of 
decrease is CH4 > N2 > O2 > CO2, which is different from other references [33-37]. Except 
CO2, this decreasing order is in the same order as the kinetic diameter of penetrant gases. 
The abnormal behavior of CO2 could be explained by the strong interaction between CO2 
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and PAMAM dendrimers, reported by Sirkar and his co-workers [42-44], or by its 
molecular linearity [52]. Table 4.6 tabulates the calculated diffusion coefficients and 
solubility coefficients from the time lag method as a function of immersion time, and 
indicates that the decrease in permeability is mainly resulted from the decrease in the 
diffusion coefficients because of cross-linking. Interestingly, the changes of solubility 
coefficients are not very obvious. Since, the free volume, free volume distribution and 
chain mobility affect the gas diffusion rate in polymer matrix, an increase in the degree of 
cross-linking results in a reduction in the interstitial space among chains, chain mobility, 
and free volume. As a consequence, the diffusion coefficients decrease significantly 
following the order CH4 > CO2 > N2 > O2. However, the decreasing rate of diffusion 
coefficients of polymer cross-linked by PAMAM is significantly slower than using other 
cross-linking agents containing amino groups [33-37]. This phenomenon may be due to 
the big molecular size of PAMAM dendrimer.  
Table 4.6 Gas Diffusion Coefficients and Solubility Coefficients of Original and G0 
PAMAM Modified Polyimide Membranes 
D (×10-8cm2/s) S (×10-2cm3(STP)/cm3cmHg) Immersion 
time 
O2 N2 CH4 CO2 O2 N2 CH4 CO2 
Unmodified 83 22.5 7.25 32.8 1.8 1.9 4.6 15.8 
20mins 65 20.3 3.84 23.9 2.1 1.7 6.5 23.8 
60mins 50 11.7 2.57 17.6 2.3 2.3 7.0 25.6 
24hours 22 3.75 0.65 6.28 2.0 2.2 6.8 25.2 
7days 3.6 0.59 0.084 1.07 2.0 1.9 5.5 20.3 
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Before reaction with the polymer chain, dendrimer molecules penetrate into the 
methanol-induced swollen polymer matrix first [33]. Although its large size opens the 
polymer chains as shown in Table 4.4, the cross-linking reaction restricts the mobility of 
polymer chains. As a result, the diffusion coefficients decrease very slowly if the 
immersion time is short. However, the increased intersegmental interaction among the 
newly formed amide groups with the aid of hydrogen bonds and the reduced free volume 
due to the space filling effect of the PAMAM dendrimer become dominant factors if the 
immersion time increases, causing significant reductions in both diffusion coefficient and 
permeability.  
A more interesting phenomenon is that the CO2 permeability increases at the beginning of 
modification, and then decreases with increase in immersion time. Table 4.6 shows that the 
CO2 solubility of the polyimides increases significantly after modification, but decreases 
when the cross-linking density is very high. It was proven by XPS that the loaded PAMAM 
dendrimers could provide a high concentration of free primary amine groups, which may 
react with carbon dioxide according to CO2 + 2RNH2 ↔ RHNCOO- + RNH3+. Although 
the time lag method in this section can provide us a quick indication of impact of 
modification on sorption and diffusion, we recognize that this method has its limitation 
which is not able to provide real measurement of these two parameters, due to the 
asymmetric structure of modified membranes. Therefore, independent sorption and/or 
diffusion measurements took in place of the time lag method to get more accurate results 
about the gas transport mechanism in the modified membranes. Figure 4.7 depicts CO2 and 
CH4 sorption isotherms of the original and 1-day modified polyimide films under 35oC. 
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Because the cross-linking modification reduces free volume, the solubility of CH4 in the 
modified polyimide decreases because of a much denser film structure. However, the 
solubility of CO2 in the modified polyimide remains almost the same as it in the original 
polyimide. This implies the effects of cross-linking and reduced free volume are offset by 
the interaction between dendrimer and CO2, which increases the solubility of CO2 in 
modified polyimide films. Therefore, compared with other gases, CO2’s transport might be 
facilitated by PAMAM dendrimer modification.  
  
Figure 4.7 CO2 and CH4 Sorption Isotherms at 35oC in Original and G0 PAMAM 24 
hours Modified Polyimide Membranes 
The other possible reason is that the big molecular size of dendrimer may slightly 
increases the interstitial space as shown in Table 4.4 which may result in greater 
adsorption. Both factors may explain why the gas solubility initially increases with 
immersion time. When the immersion time is further increased, the permselectivity of 
CO2/CH4, CO2/N2, and N2/O2 all increases. Although the collision diameter of CO2 (4.0Å) 
is relatively close to that of CH4 (3.82Å) and N2 (3.64Å), the ideal selectivity of PAMAM 
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dendrimer modified polyimide films for both CO2/CH4 and CO2/N2 are improved to 
almost 200% because PAMAM dendrimers present particular affinity to CO2. Figure 4.8 
shows the “trade off” line between permselectivity and permeability for the CO2/CH4 
separation [16]. By cross-linking the polyimide for a certain period of time, the separation 
properties went above the “upper bound”. However, the separation properties went below 
the “upper bound” after a long immersion time because of reduced free volume and 





















Figure 4.8 “Trade off” line for the CO2/CH4 separation by Original and G0 PAMAM 
Modified Polyimide Membranes 
4.2.3 Effects of PAMAM Generation on the Properties of Modified Polyimide 
Membranes 
Figure 4.9 demonstrates the ATR-FTIR spectra of modified polyimides induced by 
different generation PAMAM dendrimers in 24-hr immersion time. Comparing with the 
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original polyimide, the polyimide film modified by G0 PAMAM dendrimer shows a 
stronger intensity of the characteristic peaks of amide group at 1656 and 1550 cm-1, but a 
weaker intensity of the characteristic peaks of imide group at 1780 and 1380cm-1. The 
degrees of modification induced by higher generation dendrimers appear to be smaller. The 
possible cause for this difference may arise from the fact that G0 PAMAM dendrimer can 
penetrate into the polymer matrix deeply and react with polyimide chains, thus yield higher 
dendrimer loading and amidation reaction, while the higher generation PAMAM 
dendrimers could only penetrate slightly because of bigger molecular sizes, thus they might 
mainly adsorb and react on the outer surface region.  
 
Figure 4.9 ATR-FTIR Spectra of Original and Different Generation PAMAM 24 hours 
Modified Polyimide Membranes 
Although the larger molecular size of high generation PAMAM dendrimers may result in a 
lower loading, a thin cross-linking structure may still be formed on the polyimide surface 
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due to its multi-functional groups. Tg measurements were conducted to verify if the 
cross-linking modification takes place since cross-linking may block the inter-segmental 
motion of polymeric chains. Unfortunately, the decomposition of PAMAM under 300oC 
makes this attempt a failure. Therefore, the gel contents of the modified polyimide films 
were measured to testify the hypothesis. Table 4.7 illustrates that the gel content increases 
with immersion time, indicating that the cross-linking reaction between the polyimide 
chains and dendrimer takes place which results in a decrease in the polyimide solubility in 
dichloromethane. It also gives the evidence that high generation PAMAM dendrimers can 
effectively modify the polyimide and enhance their chemical resistance to dichloromethane 
by forming surface cross-linking structure if longer immersion times are provided to offset 
the larger steric hindrance. Interestingly, Table 4.7 suggests that G2 shows stronger ability 
in modifying polymer films than G1 if the immersion time is short. The simulated 
conformations tell us that the higher generation dendrimer has a higher density of surface 
functional groups and accessibility for chemical reaction. Hence, G2 dendrimer may induce 
more cross-linking structure on the surface than G1 dendrimer in the initial stage of 
chemical modifications.  
Table 4.7 Gel Contents of Different Generation Dendrimer Modified Polyimide 
Membranes 
Immersion time Unmodified 20mins 60mins 24hours 7days 
Gel content (%) 
Generation 0 
0 14 53 93 96 
Gel content (%) 
Generation 1 
0 4.2 5.6 39 99 
Gel content (%) 
Generation 2 
0 5.3 9.7 38 97 
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During the immersion process, dendrimers penetrated into the polymer matrix and 
cross-linked the polyimide films to change the gas transport properties. The slow 
penetration rate will make an asymmetric structure of chemical modification through the 
films. Therefore, only the apparent permeability was obtained to demonstrate the effects of 
PAMAM modification on gas separation properties.  
The relative gas permeabilities of He, O2, N2, CH4 and CO2 through 24 hours modified 
polyimide films are depicted in Figure 4.9. The relative gas permeability is defined as the 
permeability ratio of the modified to unmodified ones. Since G0 dendrimer has the smallest 
molecular size, it can penetrate into polymer deeply, thus it affects gas permeabilies more 
significantly than G1 and G2 dendrimers. Bigger size PAMAM dendrimers also can 
penetrate slightly into the polymer matrix, and consequently open the polyimide chains. 
Thus the gas permeabilities of polyimide films modified by G1 and G2 dendrimers increase 
slightly when the immersion time exceeds 24 hours. Simultaneously, G0 modified 
polyimide membranes show better gas selectivity than G1and G2 modified polyimide 
membranes. Analogous results were reported by Wind et al. [31, 32]. 
 
Figure 4.9 PAMAM Generation Effects on Performance of Modified Polyimide Films  


















































6FDA-polyimide membranes were modified by G0, G1, G2 PAMAM dendrimers using a 
simple immersion procedure at room temperature, and characterized by AFM, XPS, 
ATR-FTIR spectroscopy and gas transport measurements. Compared with simulated results, 
the morphology and conformation of grafted PAMAM dendrimers on polymer surfaces are 
disk-shape molecular clusters investigated by AFM. The amidation was proven and 
quantified by XPS and ATR-FTIR. In addition, gel content tests verified the formation of 
cross-linking structure. Immersion time and different dendrimer generation are two 
important factors in determining the characteristics of modified polyimide films. Longer 
immersion time yields higher dendrimer loading, the equilibrium may reach at or after 
24-hr modification. Due to their bigger molecular size, higher generation dendrimers have 
less effect on film properties. Modified polyimide films also exhibited better gas separation 
performance, especially for CO2/CH4, because of the modified structure and the affinity 
between PAMAM dendrimer and CO2. The residual primary amine groups of dendrimers 
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We have conducted an extensive study to investigate the effects of thermal treatments 
and dendrimers’ structures on the chemical and physical properties of the surface 
modified polyimide films. The amidation and cross-linking reaction between G0 
PAMAM dendrimers and polyimide were examined by XPS (X-Ray Photoelectron 
Spectrometer) and FTIR-ATR (Attenuated Total Reflection) measurements after 
thermal treatments under different temperatures. Moderate thermal treatment (120oC) 
is proved to be able induce the highly amidation reaction and increase the degree of 
cross-linking on the polyimide surface. The gas separation performance of modified 
polyimide films is significantly improved, due to the enhanced “molecular sieving” 
ability by dendrimer modification, and the stronger interactions between the 
polyimide chains, such as covalent cross-linking bonding and hydrogen bonding. 
When the temperature of treatment reaches to 250oC, 1H-NMR and GPC test implied 
that the cross-linking structure between polyimide chains is broken and the 
degradation of polyimide backbone chains also occurs. Gas permeation tests also 
indicated that high temperature treatment of dendrimer modified polyimide films is 
not beneficial to separation. In addition, the performance comparison between 
different dendrimers PAMAM and DAB modified films is carried out. The chemical 
structural differences in PAMAM and DAB dendrimers have also been verified as one 
of the important factors in determining the properties of modified polyimide films. At 
room temperature, PAMAM dendrimers show stronger cross-linking ability.  
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5.1 Introduction 
Polyimide films are of widespread interest in electronics and gas separation 
applications because of their superior thermal, electrical and membrane properties [1-
4]. In order to enhance the selectivity and gas permeability of polyimides for gas 
separation, researchers have suggested that their polymer back bone chains must be 
stiffened by inhibiting the intra-segmental mobility, and that the inter-segmental 
packing of polymer chains should be simultaneously prevented [5]. The syntheses of 
various polyimides containing with different monomers has been carried out [6-7], as a 
means of modifying gas transport properties through changes in polymer solid state 
structure [8-9].  These attempts appear to have reached the limit of the trade-off curve 
for gas permeability and selectivity [10-11]. Therefore, an alternative method, cross-
linking, has been developed as a means of altering membrane structure/performance, 
and has utilized different techniques including ultraviolet (UV) light irradiation, high 
temperature thermal treatment and chemical modification [12-28]. With an increasing 
degree of cross-linking, higher gas selectivity can be achieved, due to reduced intra-
segmental polymer chain mobility.  It has also been shown that a cross-linked structure 
will limit material swelling in the presence of plasticizing agents, as well as promoting 
chemical and thermal stability.  A negative attribute of polymer crosslinking is a 
decrease in gas permeabilities, due to higher chain packing. 
Novel cross-linking reagents, star-like dendrimers such as polyamidoamine (PAMAM) 
and diaminobutane (DAB) [29-30], have been recently reported [31-33]. The high-
density functional groups at the surface or in the cavities of dendrimers, offer 
numerous potential applications based on their chemical, physical, optical, multi-
redox, and catalytic properties [34-35].  The high density of terminal amine groups in 
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dendrimers provides a large number of reactive sites for cross-linking when used as a 
modifier for polymides, and offer the potential to improve the gas selectivity and 
physical properties of those polyimide films. Alternatively, the large molecular size of 
dendrimers may prevent polyimide chains from packing when these two materials are 
combined. Moreover, the steric hindrance of dendrimers may restrict cross-linking 
modification to the surface of films, favoring high gas permeability. Dendrimers can 
play three important roles in this approach: 1) they are structural building blocks that 
provide multiple covalent branching sites for amidation to construct the cross-linked 
network; 2) they act as spacers in the polymer matrix that prevents the chain from 
packing; 3) they offer free amine groups with strong affinity for CO2 and facilitate the 
transport of that permeant [36-38].  Thus, the surface modification of polyimide films 
by dendrimers is a potential approach to obtain materials with better gas separation 
performance. 
The objective of this chapter is to describe the effects of thermal treatment on the 
chemical and physical properties of dendrimer-modified polyimide films. The surface 
modification of the polyimide during thermal treatment was characterized by FTIR-
ATR (Attenuated Total Reflection), XPS (X-Ray Photoelectron Spectroscopy), 1H-
NMR (Nuclear Magnetic Resonance) and GPC (Gel Permeation Chromatography). 
Gas permeation measurements were to understand the effect of dendrimers on 
separation properties of modified polyimide membranes. Ultraviolet absorption 
spectroscopy was also carried out to detect the charge transfer between polyimide 
chains. The modification efficiencies of two different dendrimers, G0 PAMAM and 
G1 DAB were compared under different treatment conditions.  
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5.2 Results and Discussion 
5.2.1 Effects of Thermal Treatments on G0 PAMAM Modified Polyimide Films 
 
Figure 5.1 TGA of PAMAM Dendrimer(G0) Modified 6FDA-polyimide Films 
TGA was used to investigate the thermal stability of PAMAM modified polyimide. 
As shown in Figure 5.1, the original polyimide is thermally stable up to 500°C, 
whereas the polyimide treated with dendrimer for 24 hours showed onset of 
degradation at approximately 200° C. From Balogh et al.’s report [39], we have 
already known that thermal degradation of pure PAMAM dendrimers starts around 
120oC for retro-Michael process and transamidation. The most of weight loss of 
PAMAM dendrimers occurs near 300oC for thermal decomposition. Therefore, the 
weight loss of PAMAM modified polyimide between 200~500° C may be attributed 
to the decomposition of PAMAM dendrimers. Moreover, an unexpected decrease in 
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thermal stability of the polyimide is observed after the polyimide was treated with 
PAMAM dendrimers. The decomposition temperature of polyimide under nitrogen 
has decreased from 593oC to 579oC after dendrimer treatments. Additionally, a small 
decomposition peak at 520oC also appears. Therefore, the heat treatment temperatures 
for dendrimer-modified polyimide films were chosen at 120°C and 250° C under 
vacuum condition, in order to bracket the observed TGA degradation onset.  
 
Figure 5.2 XPS Analysis of the Original and Modified Polyimide Films 
XPS experiments which provide information about the quantity and chemical state of 
elements on the surface of modified films were used to verify the chemical reactions 
occurring on the polyimide surface.  Figure 5.2 presents the N: F elemental ratio for 
the original and modified polyimide surfaces. During the modification process, the 
fluorine content in polyimide samples is expected to remain constant.  Hence the 
increased nitrogen content after 1 day of PAMAM modification indicates the loading 
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of PAMAM on the surface of polyimide. The N/F ratio is almost the same for 
modified polyimide films with or without heat treatment at 120° C. This finding 
implies that the PAMAM dendrimer is thermally stable at 120° C.  When cured at 
250° C, the N/F ratio decreases from 1.2 to 0.5, indicating the release of decomposed 
PAMAM dendrimers.  Figure 5.2 also displays the respective C 1s core-level spectra. 
The C 1s core-level spectrum of the original polyimide membrane can be curve-fitted 
to six peak components, having bond energies at 284.6 eV for the C-H species, at 
285.8 eV for the C-N and C-(C=O), at 286.8 eV for the C-(CF3), at 288.4 eV for the 
N(C=O)2 (imide) species, at 291.1 eV for the π-π* transition due to aromatic ring 
structure and at 292.8 eV for the CF3 species [40]. The peak at 292.8 eV for the CF3 
species was selected as an internal reference, since this group is not involved in the 
modification reaction. Therefore, for the 1-day PAMAM modified polyimide, the 
intensity of the peak of imide groups (288.4 eV) decreases, indicating that the imide 
groups react with primary amine groups of PAMAM dendrimers to form amide 
groups. As a result of this reaction, the modified membranes exhibit a new peak at 
287.9 eV for –NH-(C=O)- (amide) species. Thermal treatment at 120° C further 
decreases the intensity of imide groups and increases the characteristic peak of amide 
groups, indicating additional amidization at the elevated annealing temperature.  
Thermal treatment of PAMAM-modified polyimide films at 250° C, which resulted in 
the imidization of poly (amic amide) and the thermal decomposition of PAMAM 
dendrimer, was found to increase the imide characteristic peak and decrease the amide 
characteristic peak. 
Figure 5.3 gives the FTIR-ATR spectra of original and modified polyimide films. 
Compared with the original polyimide, the polyimide film modified by G0 PAMAM 
dendrimer shows a stronger intensity of the characteristic peaks of amide group at 
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1656 and 1550 cm-1, but a weaker intensity of the characteristic peaks of imide group 
at 1780 and 1380cm-1. This can be explained by the amidization reaction between 
imide groups of polymer and free primary amine groups of dendrimers. Consistent 
with the XPS spectrum, after 120° C thermal treatment, the FTIR spectra shows the 
modified polyimide has stronger intensity of amide characteristic peaks, while the 
characteristic peaks of imide group decrease. This phenomenon indicates more 
amidization reaction occurs after thermal treatment at 120° C. However, when the 
heat treatment temperature is increased to 250° C, the amide characteristic peaks 
almost disappear and the intensity of imide characteristic peaks increases.   Two 
possible explanations for the disappearance of amide characteristic peaks include (1) 
thermal decomposition of PAMAM dendrimers containing amide groups, which may 
break down the cross-linked structure, and (2) imidization of the poly (amic amide) 
when the treatment temperature increases to 250° C.  
 
Figure 5.3 FTIR-ATR Spectra of the Original and Modified Polyimide Films 
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Table 5.1 lists that the gel content increases after the polyimide is immersed into 
PAMAM dendrimer solution for 1 day, indicating that the cross-linking reaction 
between the polyimide chains and dendrimer takes place on the outer skin layer of 
polyimide films, resulting in a decrease in the polyimide solubility in dichloromethane. 
However, we have conducted the gel content measurement with small pieces of films 
cut from a fully surface-modified membrane.  A result of about 50% gel content was 
acquired. Therefore, we believed that the membranes were not fully cross-linked, as 
the dendrimers might not fully penetrate into the whole depth of membranes. As a 
consequence, solvent diffused into the polymer matrix from the cut edge and 
dissolved the uncross-linked parts of membranes. After heat treatment at 120° C, the 
modified polyimide films still show poor solubility in the solvent. This hints that the 
cross-linked structure remains intact under such temperature treatment. However, 
when heat treated at 250° C, the modified polyimide films are almost totally soluble 
in dichloromethane, strongly supporting the hypothesis that the dendrimer-polyimide 
cross-linked structure is broken down by the high temperature.  
Table 5.1 Gel Content and UV absorption for Original and Modified Polyimide Films 
  Gel Content (%) λ (UV) (nm) 
Original Polyimide 0 330 
G0 PAMAM-Polyimide1day 93 327 
G0 PAMAM-Polyimide1day + 120oC 
heat treatment 
95 338 





Figure 5.4 illustrates the 1H-NMR spectrum of the original polyimide and 1-day 
PAMAM dendrimer modified polyimide with heat treatment at 250° C. Proton peaks 
of the original 6FDA-polyimide appear at 7.9-8.2 ppm attributed to the aromatic 
protons of 6FDA moiety and 1.9-2.0 ppm from the methyl proton of durene moiety.  
As compared with the original polyimide, the modified polyimide shows two small 
new peaks at 7.8 and 1.8 ppm. The chemical shift of 1.8 ppm is in the range of the 
characteristic peak of alkyl protons, which may be contributed by the fragments of 
decomposed PAMAM dendrimers. The peak at 7.8 ppm can be attributed to the 
protons of amide groups. This suggests that the PAMAM dendrimers may be cleaved 
into small molecules at 250° C. Some small molecules evolve from the polymer 
matrix as gases, and others attached to the polyimide backbone chains by amide 
linkages.  
 
Figure 5.4 1H-NMR Spectrum of the Original and Modified Polyimide in CDCl3 
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Weight (Mw) and number (Mn) average molecular weights and polydispersity (PD) 
of the original polyimide and 1-day PAMAM dendrimer modified polyimide with 250 
oC thermal treatment determined by GPC are given in Figure 5.5. After high 
temperature treatment, the molecular weight of modified polyimide decreases and the 
polydispersity increases as compared to that of the original polyimide. Two peaks are 
observed in the elution curve of the modified polyimide film.  The elution time of first 
peak is same as that of the original polyimide which may be contributed from 
unmodified polyimide layer in the middle of films. The peak of long elution time 
which means the low molecular weight compounds may come from the degradation 
of polyimide chains with the existence of PAMAM dendrimer. This observation is 
just consistent with the result of TGA test, which shows the decrease in the thermal 
stability of PAMAM modified polyimide. During the heating process, the existence of 
PAMAM in polyimide may make polyimide chains degrade to low molecular weight 
fragments, which have lower thermally stability. 
 
Figure 5.5 GPC Curves for the Original and Modified Polyimide 
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Figure 5.6 shows the possible chemical reactions occurred during the whole 
modification process. In the previous chapter 4, it was reported that there are still 
some free primary amine groups for the loaded PAMAM dendrimers on the surface of 
polyimide films if it is only dried at room temperature.  Since heat treatment at high 
temperatures may increase the inter-segmental mobility, it would be expected to 
increase the opportunity of the free primary amine groups of PAMAM dendrimer to 
meet the imide groups in the backbone of polyimide. Thus, the amidization between 
free primary amine groups and polyimide chains is enhanced by heat treatment. More 
imide rings are broken to form amide groups and the degree of cross-linking also 
increases on the surface of modified polyimide films.  However, the high temperature 
treatment not only induces a significant decomposition of dendrimer at the amide 
linkage which may break down the cross-linked structure, but also results in the 
degradation of polyimide which may produce a heterodispersed population of 
compounds with lower molecular weights.  
 
Figure 5.6 Possible Mechanisms of Polyimide Modification by G0 PAMAMA  
 105
The color of aromatic polyimide is usually attributed to the formation of charge 
transfer complexes (CTCs) between polyimide chains [41].  In general, CTCs are 
often formed between benzene rings and the five–member imide rings when the rings 
are able to approach each other closely enough to allow transfer of π-electrons. The 
bulky CF3 groups in the linear polyimide backbones largely eliminate the CTCs, 
resulting in colorless 6FDA polyimide films. The PAMAM dendrimer modified 
polyimide films are also colorless. After 120° C heat treatment, the modified 
polyimide films show a slightly yellow color. When treatmented at 250° C, the color 
becomes darker. The change in color also could be detected by UV-spectroscopy. The 
absorption maxima move to higher wavelengths with increasing heat history (Table 
5.1). A possible explanation for the color change and the shift of UV absorption peak 
is the growth of CTCs within polyimide chains with heat treatment.  
When 6FDA polyimide films are immersed into dendrimer solutions, the swelling 
effect of methanol solvent and the opening of imide rings by amidization reactions 
could make CTC formation more difficult than was the case with the original 6FDA-
polyimide. After heat treatment at 120° C, the increase of cross-linking reaction 
would cause the polymer chains become closer and the CTCs could be more readily 
formed between neighboring polyimide chains. This chain of events would explain 
color generation in the modified polyimide films. After heat treatment at 250° C, the 
imidization of poly (amic amide) produces more imide rings in the backbone of 
polymer chains, thus enhancing CTC formation. The formation of CTCs also can be 
verified by XPS, as shown in Figure 5.2. As discussed before, the C 1s core-level 
XPS spectrum of the original polyimide membrane can be curve-fitted to six peak 
components which include one at 291.1 eV for the π-π* transition. The formation of 
CTCs will enhance the π-π* transition. Therefore, it is easy to explain why the area 
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ratio of π-π* transition characteristic peak to the characteristic peak of the internal 
reference CF3 increases with an increase in heat treatment temperature, as shown in 
the right hand column of Figure 5.2. 
Table 5.2 Gas Transport Properties for Original and Modified Polyimide Films 
CO2 CH4 CO2/CH4 
  
P D S P D S Pi/Pj Di/Dj Si/Sj 
Original Polyimide 520 5.0 100 33 0.91 36 16 5.5 2.9 
G0 PAMAM-
Polyimide1day 160 1.5 100 4.4 0.14 33 36 11 3.2 
G0 PAMAM-
Polyimide1day + 
120oC heat treatment 
70 0.8 86 1.9 0.07 29 37 12 3.0 
G0 PAMAM-
Polyimide1day + 
250oC heat treatment 
84 1.0 80 2.8 0.10 27 30 10 3.0 
P (Permeability) : Barrers (1 x 10-10cm3(STP)-cm / cm2 s cmHg) 
D (Diffusivity): 10-8cm2/s              S (Solubility): 10-2cm3(STP)/cm3cmHg 
 
The gas permeability, diffusivity and solubility coefficients of CO2and CH4 through 
modified polyimide films are listed in Table 5.2. It is clear that the gas permeabilities 
of both PAMAM modified-polyimides dried at room temperature and thermally 
treated are lower than the original polyimides. The degree of permeability reduction is 
comparable to those of other cross-linking polyimides [24-28]. For the modified 
polyimide films without heat treatment, the reduction in gas permeability is clearly 
due to a decrease in the gas diffusivity coefficient. The cross-linked structure results 
in increased inter-segmental interaction among the amide groups with the aid of 
hydrogen bonds, and consequentially a reduction in free volume.  With the reduction 
in free volume, gas diffusion through the outer skin of modified films is retarded.  
Simultaneously, the cross-linking structure also limits the intra-segmental mobility of 
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polyimide chains and thus results in an increase in gas diffusivity selectivity. The 
denser crosslinked structures exhibit reduced CH4 solubilities. The strong interaction 
between CO2 and free primary amine groups of PAMAM, likely explains the more 
modest reduction in CO2 solubility with crosskinking. In summary, the increase in 
CO2/CH4 selectivity is a result of combined increases in gas diffusivity selectivity and 
solubility selectivity.  
As discussed above, heat treatment at 120° C induces more amidization reactions and 
increases the degree of cross-linking of polyimide surface.  Therefore, heat treatment 
at 120° C leads to further increase in gas diffusivity selectivity of the modified 
polyimide films.  It appears that the majority of the free primary amine groups within 
PAMAM are consumed because of the additional amidation reaction during heat 
treatment, reducing interactions between CO2 and PAMAM, and therefore decreasing 
the solubility selectivity of CO2/CH4.  Since heat treatment at 250°C decomposes 
PAMAM dendrimer and destroys the cross-linked structure, more free volume is 
created within the polymer matrix. As a consequence, gas permeability increases as 
compared with the films treated at 120° C. However, films treated at 250° C still 
exhibit lower gas permeabilities than that of the original polyimide films. One 
possible reason is that the free volume of polyimide is partly filled by the fragment of 
decomposed PAMAM dendrimers. Another explanation is that the formation of CTCs 
under high temperature treatment constricts interstitial space between polymer chains.  
The third hypothesis may be that the polymer is likely to undergo some physical aging 
at 250°C, which also acts to reduce gas permeability properties.      
Figure 5.7 illustrates the effect of PAMAM modification and thermal treatment on the 
CO2 permeation isotherm. In membrane separations, plasticization is generally 
 108
defined as an increase in the permeability of a penetrant molecule due to increased 
polymer chain segmental mobility [21]. For polyimide films, CO2 is a strong 
plasticizer, due to its high condensability. Therefore, the CO2 plasticization 
phenomena can be used to monitor the change of polymer chain segmental mobility. 
The “plasticization pressure” is defined as the pressure at which there is a minimum in 
the isotherm. The immersion in PAMAM dendrimer solution for 1-day reduces the 
plasticization pressure. This phenomenon may arise from following factors: 1) the 
cleavage of imide rings in the main chains because of amidation reaction; 2) the 
swelling effects induced by methanol.  
 
Figure 5.7 CO2 Permeation Isotherms at 35oC for Original and Modified Polyimide 
Films 
Thermal treatment at 120° C offers somewhat better plasticization resistance than a 
simply immersion modification. This is likely due to the fact that a high temperature 
 109
treatment induces a higher degree of cross-linking which tightens the polymer chains 
and limits intersegmental chains mobility.  Interestingly, the modified films treated at 
250° C even exhibit better anti-plasticization than the original polyimide films. The 
most likely explanation is that the 250° C treatment rebuilds the imide ring in the 
main backbones of polymer and enhances chain rigidity. At the same time, the 
formation of CTCs between neighboring polyimide chains also help to decrease CO2 
sorption, reduce chain mobility, and stablilize the structure.  
5.2.2 Effects of Dendrimer Chemical Structures on the Properties of Modified 
Polyimide Membranes 
 
Figure 5.8 Chemical Structure and Simulated Configurations of Dendrimers 
Cerius2 software was employed to simulate the molecular sizes and configuration of 
G0 PAMAM and G1 DAB dendrimers. As illustrated in Figure 5.8, both of the G0 
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PAMAM and G1 DAB have four branches and four free primary amine groups. 
However, the molecular size of G0 PAMAM is almost double that of G1 DAB. 
Therefore, it is expected that the DAB dendrimer should diffuse into the polyimide 
matrix more easily than PAMAM dendrimer, and the modification efficiency of DAB 
should be stronger than PAMAM dendrimer if the modification (immersion) time is 
the same. The gel contents of modified polyimide films were measured to testify the 
hypothesis. Figure 5.9 shows that the gel content increases with an increase in the 
immersion time, indicating that the reaction occurs between the polymer and 
dendrimer on the surface of polyimide films, and this reaction results in a decrease in 
the polymer solubility in the solvent. It also gives the evidence that the DAB can 
effectively modify the polyimide surface after a 30 min immersion time. 
Correspondingly, it takes about 1-day for PAMAM to completely modify the surface 






















Figure 5.9 Gel Contents of Modified Polyimide Membranes by Different Dendrimers 
Figure 5.3 presents the FTIR-ATR analysis performed on the 30 min DAB-treated 
polyimide film and 1-day PAMAM-treated polyimide film. As compared with the 
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PAMAM modified film, the DAB modified film shows a stronger intensity of the 
characteristic peaks of amide group at 1656 and 1550 cm-1, but a weaker intensity of 
the characteristic peaks of imide group at 1780 and 1380cm-1. The FTIR-ATR results 
substantiate a higher degree of amidization between the polyimide and DAB dendrimer 
than that of polyimide and PMAMA.  This may arise from the fact that the DAB 
dendrimer is smaller than PAMAM dendrimer, which can penetrate deeper into the 
polymer matrix and thus construct a thicker cross-linking layer on the surface of 




















30 min DAB-PI + 120oC
1day PAMAM-PI1day PAMAM-PI + 120oC
Robeson Upper Bound
1day PAMAM-PI + 250oC
30 min DAB-PI + 250oC
 
Figure 5.10 “Trade off” Line for CO2/CH4 Separation 
Figure 5.10 summarizes the gas permeabilities of the original 6FDA-durene polyimide 
film, 1 day PAMAM-polyimide film and 30 min DAB-polyimide film compared with 
the Robeson upper bond limit line of CO2/CH4 separation [10]. The reduction of gas 
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permeability for PAMAM modified polyimide films is more significant and the gas 
selectivity becomes much higher, as compared with that of DAB modified polyimide 
films. This suggests that the PAMAM dendrimer has greater ability to alter the gas 
permeation through polyimide films than the DAB dendrimer, although DAB 
dendrimer has a stronger reactivity and penetration ability. This interesting 
phenomenon may be due to the fact that the longer branch length of PAMAM 
dendrimer may be advantageous in connecting two neighboring polyimide chains. 
Another other possible explanation is that more hydrogen bonding between amide 
groups could be formed in PAMAM dendrimer modified polyimide films than in DAB 
modified films, as the PAMAM molecules contain additional amide groups in their 
own structure along with those produced by amidization reaction. The stronger cross-
linking ability and more hydrogen bonding do result in the smaller gas permeabilities 
and higher gas selectivity of PAMAM modified membranes than those of DAB 
modified films.  
After thermally treating at 120° C, DAB G1 modified polyimide films show a similar 
trend as PAMAM G0 modified polyimide films, wherein the gas permeabilities keep 
decreasing but selectivity increases. However, the increment in gas selectivity of 
DAB modified polyimide films is more pronounced than that in PAMAM modified 
polyimide films (Figure 5.10).  As mentioned previously, the heat treatment at 120° C 
induces more amidization reactions and increases the degree of cross-linking on the 
outer layer of dendrimer-modified polyimide films. Therefore, although PAMAM 
dendrimers have stronger cross-linking ability than DAB dendrimers at room 
temperature, both PAMAM and DAB modified polyimide films show a highly cross-
linking structure after heat treatment. Additionally, in comparison with PAMAM 
dendrimer, DAB dendrimer has shorter branches and smaller molecular size, as 
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shown in Figure 5.8.  Therefore, the effects of the improvement of cross-linking on 
gas transport properties of the DAB modified polyimide films is more obvious than 
the PAMAM modified polyimide films after 120° C heat treatment. Selectivity is 
thereby enhanced since the greater chain stiffness enables the polyimide matrix to 
better discriminate between the permeation gases of different sizes and shapes. After 
250oC thermal treatment, DAB dendrimers are also decomposed and leave voids in 
the polymer matrix, resulting in increasing of the gas permeability and decreasing of 
selectivity.  
5.3 Summary  
1. The surface of 6FDA-polyimide films were modified by PAMAM G0 and DAB G1 
dendrimers through simple immersion procedures. Thermal treatment at low 
temperatures was verified to facilitate the amidization reaction between polyimide and 
dendrimers, as well as enhance the degree of the cross-linking of dendrimer-modified 
polyimide films.  FTIR-ATR, XPS, and pure gas permeation tests were employed to 
characterize the modified films.  
2. High temperature treatment was found to destroy the cross-linking structure of 
modified polyimide by decomposing the dendrimer molecules and degrading the 
polyimide backbone chains. This was verified by 1H-NMR and GPC test. Such high 
temperature treatment is proven to be negative for gas separation performance of the 
modified polyimide films. Thus, treatment at an optimum temperature is required to 
obtain the best separation performance. 
3. G0 PAMAM and G1 DAB dendrimers showed differing abilities to modify 
polyimide films at varying temperatures.  Immersion time of 30 mins is required for 
DAB G1 modification at room temperature, while a longer time of 1 day immersion is 
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needed for PAMAM G0 modification to reach the saturation of surface modification. 
As compared to DAB dendrimer, PAMAM dendrimer exhibited higher cross-linking 
ability than DAB dendrimer at room temperature, and induced better gas separation 
performance for polyimide films. After thermal treatment at 120° C, the gas 
selectivity of DAB modified polyimide film was improved impressively due to more 
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The main objective of this chapter is to investigate the factors of the chemical structure 
and physical properties of rigid polyimides in determining the performance of derived 
carbon membranes through both the experimental and simulation methods. Four 
polyimides made of different dianhydrides were pyrolyzed at 550oC and 800oC under 
vacuum condition. The resultant carbon membranes exhibit excellent gas separation 
performances beyond the traditional upper limit line for polymer membranes. The 
thermal stability and the fractional free volume (FFV) of polyimides were examined by 
a thermo gravimetric analyzer and a density meter. The chain properties of polyimide, 
such as flatness, chain linearity, and mobility were simulated using the Cerius2 
software. All above characterizations of polyimides were related to the microstructure 
and gas transport properties of the resultant carbon membranes. It was observed that 
the high FFV values and low thermal stability of polyimide produce carbon membranes 
with bigger pore and higher gas permeability at low pyrolysis temperatures. Therefore, 
polyimides with big thermally labile side groups should be preferred to prepare carbon 
membranes at low pyrolysis temperatures for high permeability applications. On the 
other side, since the flatness and in-plane orientation of precursors may lead carbon 
membranes to ordered structure thus obtaining high gas selectivity, linear polyimides 
with more coplanar aromatic rings should be first choice to prepare carbon membranes 
at high pyrolysis temperatures for high selectivity applications. The location of indan 
group also affects chain flatness and in-plane orientation. As a result, carbon 
membranes derived from the BTDA-DAI precursor have superior separation 
performance to those derived from Matrimid®.  
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6.1 Introduction 
Nonporous polymeric membranes have been widely utilized as a commercial gas 
separation tool for the purification of gaseous mixture to replace the traditional 
distillation processes which are high cost, energy intensive and with adverse effect on 
environment [1-3]. The mechanism of gas transportation through polymeric films 
involves solution of the gas molecules into the polymeric films followed by solid phase 
diffusion [4]. In the past several decades, researchers focused their attentions to tailor 
the chemical structures of polymers in order to simultaneously obtain high gas 
permeability and permselectivity [5-7]. However, this attempt seems to approach a 
limit of the trade-off curve between permeability and selectivity, reported by Robeson 
[8] and Freeman [9]. Therefore, many researchers switched their interests to inorganic 
membrane materials, such as zeolite membranes and carbon membranes. The gas 
separation factors of two above-mentioned inorganic materials lie above the upper 
bound of polymers on the trade-off curve, especially for those gas pairs with similar 
molecular sizes [10]. Moreover, as compared to polymer materials, inorganic 
membranes are considered to have higher tolerance to harsh environment due to their 
sluggish chemical reactivity and better thermal resistance.  
In recent years, aromatic polyimides have been extensively used as polymeric 
precursors of carbon membranes, due to their rigid structures and high carbon yields 
[11]. The film morphology of polyimide as precursors of carbon membranes could be 
retained very well during high temperature pyrolysis. A carbon membrane with tailored 
microstructure derived from the polymeric precursor could be obtained by: 1) 
controlling the pyrolysis conditions, 2) pre-treating polymeric precursors, 3) 
post-treating carbon membranes. The pyrolysis conditions include the pyrolysis 
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temperature, heating rate, and pyrolysis environment. Geiszler and Koros [12] have 
reported that an increase in the pyrolysis temperature induced a significant decrease in 
the permeate flux with a significant increase in selectivity of derived carbon 
membranes. The lower heating rate required a longer pyrolysis time to make the 
structure of carbon membrane denser. Moreover, the vacuum pyrolysis increased the 
selectivity but resulted in less productive membranes than inert purge pyrolyzed 
membranes. In addition, studies involving modification on polyimide as a precursor of 
carbon memrbanes have been reported. Kusuki et al. [13] and Okamoto et al. [14] have 
thermally treated the polyimide in air before pyrolysis. They showed that the 
thermostabilization process strengthens the structure of the precursors in order to 
withstand the high temperature during pyrolysis. Tin et al. [15, 16] have proposed 
another two modifications based on 1) chemical cross-linking and 2) methanol 
pre-treatment on polyimide. The space filling effects were considered as the main 
reasons for the alteration of the performance of resultant carbon membranes. On the 
other hand, some treatments were carried out on carbon membranes after pyrolysis. 
Koresh and Soffer [17] published the first modification method on carbon membranes, 
which altered the pore openings by oxidation and sintering. Suda and Haraya [18] 
explored the modification of carbon membranes by calcining them under mild 
activated atmosphere to exhibit excellent selectivity for alkene / alkane separation. 
Using the methods of chemical vapor deposition and oxidation, Hayashi and his 
co-workers [19] have successfully controlled the pore sizes of carbon membranes and 
increased the gas separation selectivity.  
Since choosing suitable polymer precursors is the first step for preparing carbon 
membranes. The chemical structure and physical properties of polymer precursors 
should be primarily considered, although carbonization conditions, pre-treatment and 
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post-treatment are very crucial issues in determining the carbon membrane 
performance. Nevertheless, there is no publication reported on the effects of different 
chemical structures of polyimides on the properties of derived carbon membranes, 
except Park et al. [20] who have reported that the substitution of methyl groups on 
polyimides backbone affected the gas permeation properties of the polyimides and their 
resultant carbon membranes as well. The structure and properties relationship was only 
discussed from the fractional free volume (FFV) point of view.  
The main objective of this study is to investigate the factors of the chemical structure 
and physical properties of rigid polyimide in determining the performance of derived 
carbon membranes through both the experimental and simulation methods. Thus, we 
report the gas permeation properties of carbon membranes from a series of aromatic 
polyimides synthesized by different dianhydrides. The thermal stability, 
micro-structure and chain conformation of polyimides were obtained using the thermo 
gravimetric analysis (TGA), Wide-angle X-ray diffraction (WAXD), and commercial 
simulation software Cerius2. Moreover, the above characterizations of polyimides were 
related to the gas permeation properties of the resultant carbon membranes. We believe 
that this work could provide considerable information for the choice of suitable 
polyimides in preparing carbon membranes for various targeted applications. 
6.2 Results and Discussion 
6.2.1 Characterization of Polyimides 
The glass transition temperatures (Tg) of all polyimides which are list in Figure 6.1, 
were undetectable in the temperature range from 100 to 500oC. Melting temperatures 
(Tm) of these polyimides were also unable to be observed by the endothermic 
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transition of DSC measurements. This indicates that the intra-segmental motion of 
these polyimide chains is highly restricted due to the rigid imide linkages. As a result, 
these polyimides should be considered as suitable precursors for carbon membranes, 
since the film structure can be maintained during pyrolysis process.  
 
Figure 6.1 The Chemical Structures of Four Polyimides and Their Simulated 3D 
Conformations 
As shown in Figure 6.2, thermal gravimetric analysis (TGA) was used to examine the 
thermal decomposition kinetics and stability of polyimides under nitrogen purge. The 
thermal stability is compared by the Td5 values of these polyimides which indicate the 
temperature where the samples encountered 5% weight loss. All polyimides are stable 
up to approximate 500oC. The 6FDA-DAI and BTDA-DAI polyimides decompose 
earlier at around 530oC, as compared to the Td5 of BPDA-DAI polyimide at 570oC. 
6FDA-DAI polyimide loses about 65% by weight when temperature reaches 800oC, 
while BTDA-DAI and ODPA-DAI polyimide lose about 50% by weight at the same 
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temperature. Among all polyimides, BPDA-DAI polyimide shows the highest thermal 
stability and the highest carbon yields. A possible reason of the lower thermal stability 
of 6FDA-DAI and BTDA-DAI polyimides is that the fluorine and oxide atoms in the 
side groups can easily decompose as gases and expel from polymer matrix, but 
BPDA-DAI polyimide does not contain such non-carbon atoms in the side groups. 
Moreover, between 550oC and 600oC, the rates of weight loss for all polyimides reach 
the maximum. After 700oC, the rates of weight loss decrease and become almost 
identical for all polyimides. It may be evidence that there are two different 
degradations during whole pyrolysis process. 
 
Figure 6.2 TGA Curves for Four Polyimides as the Precursors of Carbon Membranes 
(a) BTDA-DAI (b) ODPA-DAI (c) BPDA-DAI  (d) 6FDA-DAI 
The physical properties of these polyimides are given in Table 6.1. It can be seen that 
the FFV value for four polyimides is in the following order: BTDA-DAI< ODPA-DAI 
< BPDA-DAI < 6FDA-DAI. The d-spacing data obtained from WXAD also consistent 
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with this sequence. The gas permeability coefficients of these polyimide films 
measured at 35°C and 10 atm are summarized in Table 6.2. It is clear that the gas 
permeabilities change follows the sequence of FFV values and d-spacing. The higher 
FFV and d-spacing indicate the looser interchain structure. Therefore, more free spaces 
in films induce higher gas permeability but lower ideal selectivity. Interestingly, the gas 
permeation of 6FDA-DAI is almost doubled the BPDA-DAI polyimide, the selectivity 
coefficients, however, are quite close. This may be due to the 6FDA bulky group on the 
polymer backbone, which inhibits chain packing, and hinders segmental motion [21].  
Table 6.1 Physical Properties of Polyimides Precursors 
 
Polyimides Density FFV d-spacing (Å) 
BTDA-DAI 1.2251 0.1541 5.74 
ODPA-DAI 1.2183 0.1641 5.89 
BPDA-DAI 1.1902 0.1676 6.00 




Table 6.2 Gas Permeation of Polyimides Membranes (10atm and 35oC) 
 
Permeability, Barrer Ideal Selectivity  
O2 N2 CH4 CO2 O2/N2 CO2/CH4 
BTDA-DAI 37 8.5 8.1 140 4.3 17 
ODPA-DAI 44 10 10 161 4.3 16 
BPDA-DAI 83 22 24 329 3.8 14 
6FDA-DAI 198 59 51 692 3.4 14 
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6.2.2 WAXD Patterns for Carbon Membranes and Polyimides as Their Precursors 
Ideally, the Bragg’s rule has been used to determine the interchain distance (d-spacing) 
in the amorphous polymers by measuring the maximum intensity in the broad band 
region. In addition, X-ray diffraction is a useful tool for studying the organization of 
carbon in a molecular level. Wide angle X-ray diffraction data are shown in Figure 6.3 
to characterize the average d-spacing of 6FDA-DAI polyimide and its derived carbon 
membranes under 550oC and 800oC pyrolysis temperatures. When the polyimide was 
pyrolyzed at a temperature of 550oC, the spectra of carbon material shows a new broad 
peak at a d-spacing around 3.8~4.0 Å, while the peak around 5.0~6.0 Å still exists with 
weaker intensity compared to the spectra of polyimide as its precursor. The appearance 
of new peak at 3.8~4.0 Å implies that a new carbon structure is constructed during 
pyrolysis process. But this structure is still far from graphite crystal, since the spacing 
of parallel graphite layers of graphite, d002 should be 3.35 Å. The conservation of peak 
around 5.0~6.0 Å indicates that carbon membranes pyrolyzed under low temperatures 
still maintain similar amorphous structure as their precursors. When the polyimide is 
pyrolyzed to 800oC, another new peak at 2.1 Å is observed in the diffraction pattern of 
resultant carbon membranes. The peak at 2.1 Å could be pointed to the d-spacing of 
graphite (100) plane which represents the repeated aromatic ring in graphitic structure.  
In addition, the peak around 3.8~4.0 Å moves to smaller d-spacing range of 3.6~3.8 Å 
and its intensity is also strengthened, after the high temperature pyrolysis. This distance 
is still bigger than the spacing of parallel graphite layers in graphitic crystal. Therefore, 
we can conclude that the monolayer graphite sheets should be formed in carbon 
membranes during high temperature pyrolysis, and the structure of carbon membranes 
tends to approach graphic crystal state.  
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Figure 6.3 A Comparison of WAXD Patterns for Polyimide and Carbon Membranes 
a) 6FDA-DAI polyimide, b) CM-6FDA-550, and c) CM-6FDA-800 
The TGA and WAXD results suggest that the pyrolysis process of polyimide films 
consists of two processes, i.e., carbonization at a low temperature range of 500~700oC 
and graphitization at a high temperature of pyrolysis (>700oC). In the carbonization 
processes, the most weight loss of polyimides is induced by the expelling of noncarbon 
atoms as different gases. The rates of weight loss are related to the chemical structures 
of polyimide. However, the chain conformation of carbonized materials will be 
retained as that of polyimide in the carbonization process. When the pyrolysis 
temperature increases up to 700oC, the linkage of independent aromatic rings is 
induced by dehydrogenization and denitrogenization. As the result, the amorphous 
carbon will move toward to the graphitic state which is more thermodynamic stable.  
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6.2.3 A Molecular Simulation Approach to the Properties of Polyimides 
WAXD patterns demonstrate that the small size of hexagonal carbon layers, which 
referring to graphitic sheet-like structures are the basic structure units in the carbon 
materials prepared under 800oC. These graphitic sheet-like structures are random 
stacked and random oriented. In addition, the improvement of layer orientation was 
retarded during the solid-state carbonization. Therefore, the graphitization ability of the 
resultant carbon membranes should be somewhat pre-determined by the flatness of the 
precursor molecules and their in-plane orientation along the film surface [22-23].  
Since these polyimides have the same diamine groups, the difference of dianhydride 
structures may dominate the dissimilarity of polyimide properties. Moreover the two 
aromatic rings in dianhydride should play important roles in the graphitization process. 
Consequently, we consider that it is reasonable to express the flatness of polyimide 
molecules using the dihedral angle between the two aromatic rings in dianhydride 
structure.  The three dimensions structures for these polyimide units in this study were 
built using Cerius2 software and illustrated in Figure 6.1. Since the polyimides will be 
carbonized at above 500oC, the temperature of simulation process is set to 500oC. In 
order to obtain simulated structures at the global minimization state, these structures 
were initially relaxed through molecular dynamics, followed by optimization using 
molecular mechanics. The dihedral angles between the two aromatic rings in 
dianhydride structures were directly measured in the software and listed in Table 6.3. 
Accordingly, the sequence of molecular flatness should be BPDA-DAI > BTDA-DAI > 
ODPA-DAI > 6FDA-DAI. We can assume that the two aromatic rings in BPDA-DAI 
or BTDA-DAI are much easier to transit to the conjugated graphite sheets, compared 
with those in ODPA-DAI and 6FDA-DAI polyimide. 
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Table 6.3 The Simulated and Experimental Results of Chain Properties for Four 
Polyimides 
 
 BTDA-DAI ODPA-DAI BPDA-DAI 6FDA-DAI
Dihedral angle 
(o) 
58.5 66.0 40.1 76.9 
Mean squared end to end distance
(Å2) 
23403 19510 27047 15512 
Molar stiffness function 
(g0.25cm1.5/mol0.75) 
236 205 260 183 
Intrinsic viscosity 
( cm3/g) 
36.5 28.47 48.1 15.77 
The phase shift of polarized light 
passed through (Δ) 0.12 0.09 0.42 0.07 
 
In-plane orientation of polyimides is defined as the degree of the chain axis 
orientation parallel to the film plane, namely the anisotropy in the edge view [24]. A 
certain extent of in-plane orientation probably is brought by the dimensional change 
along the thickness direction during solvent evaporation of polyimide solution in the 
casting process and densification of polyimide films in heat-treatment. Normally, the 
in-plane orientation could be quantitatively estimated by means of WAXD [25-26], 
birefringence measurement with a refractometer or an optical waveguide [27], and 
reflection infrared spectroscopy [28]. Normally, birefringence measurements used a 
prism coupler. The refractive index of the films was measured in transverse electric 
and transverse magnetic modes by choosing the appropriate polarization of the 
incident laser beam. WAXD tests also need combine reflection and transmission 
modes. However, it was difficult to get a good coupling mode pattern for films of >20 
μm thick [29]. Since the thickness of our films is controlled around 50 μm in the 
present work, we utilized RMMC simulation results and conoscopic observation to 
demonstrate the degree of in-plan orientation of polyimide films indirectly. According 
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to the report of Hasegawa et al. [24], the degree of in-plane orientation is related to 
the polymer chain linearity, the inter-chain interaction and the molecular chain 
mobility. The simulated properties, such as mean squared end to end distance, molar 
stiffness and intrinsic viscosity, for four polyimides with same number of repeated 
units, are also list in Table 6.3. It is obviously that the order of mean squared end to 
end distance and molar stiffness for such four polyimides all are BPDA-DAI > 
BTDA-DAI > ODPA-DAI > 6FDA-DAI. It means that the BPDA-DAI polyimide has 
the best linearity. This is may be explainable from the flexible linkages (carboxide 
group in BTDA, oxide group in ODPA and hexafluoro-propane group in 6FDA) in 
other polyimide main chains which can lower considerably the chain linearity and 
stiffness. In addition, the bulky side groups not only prevent the polymer chains from 
dense stacking, but also hinder the inter-chain motion during film formation. 
Consequently, the sequence of intrinsic viscosities is also followed by BPDA-DAI > 
BTDA-DAI > ODPA-DAI > 6FDA-DAI. Table 6.3 also shows the phase shift of 
polarized light through polyimide films. The result indicates that the phase shift is the 
most obvious after the laser light passing through BPDA-DAI polyimide films. In 
other word, BPDA-DAI polyimide shows the highest degree of in-plan orientation. 
Other three polyimides only show slightly degree of in-plan orientation, but the 
sequence is the same as our simulated results, BPDA-DAI > BTDA-DAI > 
ODPA-DAI > 6FDA-DAI.  
To integrate above two sequences of flatness and in-plane orientation for polyimides, 
we could predict that the degree of graphitization would be the same order as following: 
BPDA-DAI > BTDA-DAI > ODPA-DAI > 6FDA-DAI, when pyrolysis temperature 
reaches above 700oC. Higher degree of graphitization means more ordered membrane 
structures, which lead to better efficiency to distinguish gas penetrants with different 
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molecular sizes. Consequently, we may anticipate that the polyimides with more 
coplanar structure and in-plain orientation chains will produce better gas separation 
properties for carbon membranes pyrolyzed at high temperatures.  
6.2.4 Gas Permeation through Carbon Membranes Pyrolized at 550oC 
The gas permeabilities and ideal selectivities of O2, N2, CO2 and CH4 through carbon 
membranes carbonized at 550oC under vacuum environment are summarized in Table 
6.4. Carbon membranes pyrolyzed at 550oC exhibited much higher gas permeabilities 
as compared to the polyimides list in Table 6.2. To compare the four carbon 
membranes from different polyimides with each other, the gas permeabilities almost 
follow the sequence of polyimides’ FFV, except for CM-BTDA-550. This result is 
consistent with Park et al. conclusion that the FFV of polymer precursors is an 
important factor to determine the performance of resultant carbon membranes. It is 
expected that polymer precursors with a small FFV will produce carbon membranes 
with a denser structure.  
Table 6.4 Gas Permeation of Carbon Membranes from 550oC Pyrolysis  
(10atm and 35oC) 
 
Permeability, Barrer Ideal Selectivity  
O2 N2 CH4 CO2 O2/N2 CO2/CH4 
CM-BTDA-550 578 128 93.7 1923 4.5 21 
CM-ODPA-550 404 85.8 73.4 1321 4.7 18 
CM-BPDA-550 509 112 82 1564 4.5 19 
CM-6FDA-550 909 193 174 4800 4.7 28 
 
However, the exception of CM-BTDA-550 reveals another possible factor to affect the 
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gas permeability of carbon membranes. The tremendous increase in CM-BTDA-550’s 
permeability indicates a more open molecular matrix in the resultant carbon 
membranes than in the original polyimides. Since the opening structure of carbon 
membranes is mainly resulted from the evaporation of the gas products of polyimide 
decomposition, the CM-6FDA-550 which has the largest weight loss during pyrolysis 
process may recreate more interstitial space and results in the highest gas permeability. 
Moreover, TGA result implies that BTDA-DAI polyimide has the lowest thermal 
stability among four polyimides and its weight lost is also larger than BPDA-DAI 
polyimide. Thus the low thermal stability and more weight loss could be reasons why 
the gas permeabilities of CM-BTDA-550 are higher than carbon membranes from 
ODTA-DAI and BPDA-DAI polyimides which have higher FFV. Therefore, a 
conclusion could be obtained that both the thermal stability and FFV of precursors play 
important roles affecting the gas permeabilities of carbon membranes at low pyrolysis 
temperatures.  
Interestingly, these carbon membranes also present higher ideal gas selectivities than 
polyimides, especially for CO2/CH4. The improvement of gas separation performance 
results from the change of gas transport mechanism through these membranes. In 
polyimide films, gas transports though film by the solution-diffusion mechanism, 
where thermally activated motions of chain segments generate transient gaps larger 
than the diffusing gas, thus the diffusive jumps occur. Therefore, the gas selective 
factors are related with the d-spacing and flexibility of polymer chains. However, 
carbon membranes are highly porous and their structure is inflexible. We assume two 
kinds of pores in carbon membranes. According to above discussion, the carbon 
membranes pyrolyzed at low temperatures retain similar amorphous structure as its 
precursor. The ultra-micro pore dimension should be close to the d-spacing of 
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polyimides (5-6 Å). The gas selective factors will be determined by the dimension and 
shape of the ultra-micro pores. The larger micro-pores (>10Å), which are produced 
from evaporation of decomposition products, improve the gas permeability through 
carbon membranes, since the larger pores connect the ultra-micro pores with each 
other.  
If the pore size is in the region of 5~10Å, selective surface flow is expected to take 
place [30]. CO2 is a more condensable and adsorptive gas compared with CH4, O2 and 
N2. Therefore, the gas pairs (CO2/CH4) show more obviously increases in gas 
selectivity than O2/N2 pair. In addition, the CM-6FDA-550 exhibits higher gas 
selectivity of CO2/CH4 than other carbon membranes. The possible reason is that more 
gas products from the decomposition of precursor induce more micro-pores in 
CM-6FDA-550. These micro-pores not only make more ultra-micro pores including in 
gas transport channels by connecting them with each other, but also increase the pore 
surface area which is benefit in selective surface flow. This assumption is confirmed by 
the pore volume measurements from CO2 adsorption isotherm as shown in Figure 6.4.  
 
Figure 6.4 CO2 Adsorption Isotherms at 35oC and the Typical Dubinin-Astakhov Plots 
for Carbon Membranes 
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AWW =                                       (6.1) 
where W is the pore volume, E is the characteristic energy of sorption, and W0 is the 
limiting pore volume larger than adsorbates. A is related with CO2 critical pressure Ps 
and test pressure P, )/ln( ppRTA s=  and n is 2 for micro-carbon structure [31]. The 
pore volume of CM-6FDA-550 is 0.455cm3/g, and the pore volume of CM-BPDA-550 
is 0.318cm3/g.  
6.2.5 Gas permeation through carbon membranes pyrolyzed under 800oC 
Table 6.5 Gas Permeation of Carbon Membranes from 800oC Pyrolysis  
(10atm and 35oC) 
 
Permeability, Barrer Ideal Selectivity  
O2 N2 CH4 CO2 O2/N2 CO2/CH4 
CM-BTDA-800 144 16.3 4.75 500 8.8 105 
CM-ODPA-800 116 14.9 6.4 344 7.8 54 
CM-BPDA-800 118 13.8 4.3 353 8.5 82 
CM-6FDA-800 160 23 8.2 580 6.9 71 
 
All the gas permeabilities decrease and selectivities increase with the final pyrolysis 
temperature up to 800oC as listed in Table 6.5. These carbon membranes exhibited 
lower gas permeabilities but better gas selectivities, as compared to the carbon 
membranes pyrolyzed under 550oC. As confirmed by WAXD data, higher pyrolysis 
temperature induces the amorphous carbon more ordered and tighter structure. On the 
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other hand, the pore volume of the carbon membrane only decreases a litter when 
pyrolysis temperature increases, as shown in Figure 6.5. The possible reason is that the 
graphitization mainly narrows the size of ultra-micro pores. Some pores may be 
completely closed during pyrolysis, so that the number of channels actually connecting 
the both face of membranes is reduce. As the result, the gas permeabilities are reduced 
but selectivities are improved. To compare the gas permeabilies among four carbon 
membranes from different precursors, we find that CM-BTDA-800 and CM-6FDA-800 
still hold higher gas permeability than CM-ODPA-800 and CM-BPDA-800. However, 
the difference between gas permeabilities of CM-ODPA-800 and CM-BPDA-800 is not 
obvious. It may well be the case that thermal stability is a more important factor to 
decide the gas permeabilities of carbon membrane compared with FFV effects when 
pyrolysis temperature is high. In other words, thermal stability at the high pyrolysis 
temperature determines the number of bigger pores. 
When the selective pore dimension is below 5 Å which is close to gas molecular sizes, 
the molecular sieving mechanism should dominate the gas transport though membranes. 
Smaller dimensions of pore structures restrict more degree of rotation freedom of gas 
penetrants. Consequently, the gas selectivities increase when carbon membranes are 
prepared at high pyrolysis temperatures. Additionally, the increment of gas selectivity 
for CO2/CH4 pair is more distinct, since it has bigger size difference than O2/N2 pair. 
However, the degrees of the increment in gas selectivity are various among the four 
polyimides. CM-BTDA-800 and CM-BPDA-800 show more increment in gas 
selectivity than CM-ODPA-800 and CM-6FDA-800. This tendency is consistent with 
our previous anticipation about the sequence of graphitization for four polyimides. As 
compared with ODPA-DAI and 6FDA-DAI polyimides, BTDA-DAI and BPDA-DAI 
polyimides show better molecular flatness and chain in-plane orientation. Thus the 
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carbon membranes derived from these two polyimides should have more graphitic 
structure, which means more ordered structure and narrow pore dimension distribution. 
Hence, it is reasonable that CM-BTDA-800 and CM-BPDA-800 demonstrate better 
gas separation properties than CM-ODPA-800 and CM-6FDA-800.    
6.2.6 A Comparison of Gas Separation Performance with the Traditional Upper 
Limit Bound 
Figure 6.5 shows the tradeoff line between selectivity and permeability for O2/N2 and 
CO2/CH4 pairs [8]. From this figure, we can understand how much the performance of 
polyimide membranes can be improved when they are properly pyrolyzed. Moreover, 
we can advise which polyimide as the precursor of carbon membranes should be 
chosen under respective pyrolysis conditions. Generally, high FFV and low thermal 
stable polyimides, such as 6FDA-polyimide are good candidates to prepare carbon 
membranes under low pyrolysis temperatures, if the productivity is considered as the 
main destination. If the distance to the trade-off line is an indicator of the preferred gas 
separation efficiency, then carbon membranes pyrolyzed from the BTDA-polyimide 
under high temperatures is the best choice. 
 
Figure 6.5 Tradeoff Relationships of O2/N2 and CO2/CH4 
(□) BTDA; (◊) ODPA; (Δ) BPDA; (O) 6FDA 
 139
Two aromatic polyimide-type precursors containing BTDA group are commercially 
available for carbon membranes fabrication; they are Matrimid® and BTDA-TDI/MDI 
(P84). However, only Matrimid® polyimide contains the indan group like BTDA-DAI 
polyimide. Therefore, in Figure 6.6, the permeation properties of CM-BTDA-800 are 
compared with the carbon membranes derived from Matrimid® polyimide which 
previously prepared by Tin et al. [16] under the same pyrolysis condition. Carbon 
membranes produced from the Matrimid precursor appear to have inferior separation 
performance to BTDA-DAI derived carbon membranes possibly because of the 
following reasons. Even though both Matrimid and BTDA-DAI polyimide have indan 
structures, they locate differently. The indan structure in Matrimid is incorporated into 
the main chain, but BTDA-DAI one can be looked as a side group. Since the indan 
structure is not a coplanar structure, it actually destroys the molecular flatness of 
Matrimid polyimide. Moreover, the indan structure in main backbone increase the 
flexibility of main chain. As the result, the degree of graphitization of Matrimide 
polyimide should be less than that of BTDA-DAI polyimide and the carbon membrane 
prepared from the latter exhibits better gas separation properties than from the former. 
6.3 Summary 
Carbon membranes derived from four polyimides with different chemical structures 
were prepared at 550oC and 800oC. It was found that the chemical structure of 
polyimides significantly affected the final gas separation properties of the carbon 
membranes.  
1) When the pyrolysis temperature is 550oC, higher FFV and low thermal stability of 
polyimides led to high gas permeability of carbon membranes. Since the selective 
surface flow will play a significant role when condensable gases pass though carbon 
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membranes pyrolyzed at the low temperature, higher FFV and low thermal stability of 
polyimides also produce better gas selectivity of carbon membranes.  
2) Simulation results indicate that different chemical structures bring polyimides 
different chain flatness and in-plane orientation which affect the degree of 
graphitization of carbon membranes pyrolysis at high temperatures. The carbon 
membranes from BPDA-DAI and BTDA-DAI polyimides with good chain flatness and 
in-plane orientation show good gas selectivities. Furthermore, the carbon membranes 
from low thermal stable 6FDA-DAI and BTDA-DAI polyimides still provide 
considerable gas permeability.  
3) Carbon membranes derived from the BTDA-DAI precursor have superior separation 
performance to those derived from Matrimid®. This is due to the fact that BTDA-DAI 
polyimide has the indan group as a side group, while Matrimid® has it in the main 
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Bromination modification was initially carried out on Matrimid polyimide before undergoing 
carbonation to produce carbon membranes. Compared with unmodified Matrimid, 
brominated Matrimid shows lower chain flexibility, which is demonstrated by increased glass 
transition temperatures and molecular simulation results.  Additionally, an increase in space 
between polymer chains was supported by fractional free volume (FFV) and d-spacing 
measurements.  The improvement of chain rigidity of polyimide precursors serves to 
strengthen the membrane morphology during the production of carbon membranes.  Thermal 
gravimetric analysis indicates that the thermal stability of polyimide decreases after 
bromination.  The lower thermal stability and higher FFV value of brominated Matrimid 
result in higher gas permeability of carbon membranes pyrolyzed at a low pyrolysis 
temperature, while the selectivity remained competitive to those pyrolyzed from the original 
Matrimid precursor under the same conditions.  However, the gas permeabilities of carbon 
membranes derived from modified Matrimid decrease significantly and become lower than 
those of carbon membranes from the original Matrimid, when the pyrolysis temperature is 
raised to 800 oC.  This is due to the formation of more graphitic-like structure in carbon 
membranes from brominated polyimide, observed by the wide angle x-ray diffraction.  
Therefore, it is concluded that bromination of Matrimid polyimide has significantly affected 
the pyrolysis behavior and the structure of the resulting carbon membranes.  At a low 
pyrolysis temperature, carbon membranes derived from brominated precursors show 
attractively and superior gas separation performance.  
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7.1 Introduction 
Membrane technology offers an alternative to traditional separation processes for gas 
separations such as air separation, natural gas production, olefin/paraffin separation, and 
hydrogen recovery [1-4], due to its lower cost, smaller size, higher energy-savings and better 
environmental benefits.  Among the various membrane materials, carbon membranes show 
numerous advantages [5-6] such as: 1) consisting of ultra-micropores with similar sizes to the 
dimension of gas molecules and showing excellent gas separation performance; 2) exhibiting 
high thermal stability, mechanical strength and chemical resistance; 3) having gas permeation 
properties less influenced by the feed pressures and also time-independent. 
Carbon membranes are typically prepared by the pyrolysis of thermosetting polymeric 
precursors, which do not fuse and retain their membrane shape during carbonization.  The 
gas separation performance of carbon membranes largely depends on the chemical structures 
of polymeric precursors, membrane formation methods, pyrolysis conditions and post-
treatment methods.  Although great efforts have been made to understand the processes 
involved in developing high performance carbon membranes, most work still relies on 
empirical methods to prepare carbon membranes because of the complexity of the structure 
formation during carbonization of the polymers.  One of the most important factors 
determining the separation performance of carbon membranes is the choice of polymeric 
precursors.  The polymeric precursors reported are including polyfurfuryl alcohol (PFA) [7], 
polyvinylidene chloride (PVDC) [8-9], cellulose [10-11], phenolic resins [12-13], 
polyacrylonitrile (PAN) [14], polyetherimides [15-16] and polyimides [17-27].  Among these 
polymers, the aromatic polyimides are the most frequently utilized for the preparation of 
carbon membranes without support, because this class of polymers has a rigid structure, with 
high glass transition temperatures (Tg) and excellent thermal stability.  Koros et al. reported 
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hollow fiber carbon membranes derived from a copolyimide (BPDA/6FDA-TrMPD), which 
exhibited an O2 permeance of 15-40 GPU and a separation factor of 11-14 [22].  Kusuki et al. 
developed a manufacturing method to continuously prepare hollow fiber carbon membranes 
using polyimide as the precursor [23].  Okamoto et al. reported excellent performance for 
olefin/paraffin separation with carbonized hollow fiber membranes derived from BPDA-
DDBT/BADA copolyimide [24].  In the chapter 6, after a comparison with a series of carbon 
membranes pyrolyzed from four polyimides (DAI/6FDA, DAI/BTDA, DAI/BPDA, and 
DAI/ODPA) synthesized from different dianhydrides, it could be concluded that higher FFV 
and lower thermal stability of polyimide precursors led to higher gas permeability of carbon 
membranes at a mild pyrolysis temperature (550 oC).  When polyimides were carbonized at a 
high temperature (800 oC), better chain flatness and in-plane orientation of polyimides 
contribute to higher gas selectivity in carbon membranes, due to the formation of more 
graphitic-like structure during carbonization. 
However, most of the polyimides for carbon membrane studies are only synthesized on the 
laboratory scale.  From a practical point of view, the high cost of synthesized polyimides is a 
key factor that limits their utilization in the preparation of carbon membranes.  Therefore, the 
selection of commercially available polyimides such as Kapton, Matrimid and P84 as 
precursors would be the preferred route for the development of carbon membranes 17-20.  
Once a suitable polyimide precursor is identified, the carbonization conditions must be 
elaborated in order to obtain carbon membranes with desirable performance.  Geiszler and 
Koros [28] reported that the pyrolysis conditions, such as pyrolysis temperature, heating rate, 
and pyrolysis environments, appreciably affect the properties of resultant carbon membranes.  
On the other hand, the pre-treatment of polyimide precursors can also play an important role 
to improve separation performance of resultant carbon membranes.  Kusuki et al. [25] and 
Okamoto et al. [26] thermally treated the polyimide precursors in air before pyrolysis to 
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strengthen the structure of precursors.  As a result, the polyimide can maintain good 
membrane morphology after the high temperature pyrolysis.  Tin et al. [18-19] developed 
another two modifications based on 1) chemical cross-linking and 2) alcohol pre-treatment 
on polyimide precursors.  These two modifications introduced small molecules between 
polyimide chains before pyrolysis.  The space filling effects of these small molecules were 
considered as the main reason for the enhanced performance of resultant carbon membranes. 
Bromination of polymer is a widely used modification method to enhance the separation 
performance of polymeric membranes.  McCaig et al. have reported that glassy polymers 
with bromine substitution on the aromatic rings exhibited superior gas separation relative to 
their structure analogs containing no bromine atoms, since the bromine atoms contribute to 
the steric hindrance of torsional rotations about the phenyl ring and polar interacts with 
certain gas penetrants [28].  Bromination of PPO was studied by Percec et al. [29], and 
Hamad et al. [30].  They concluded that a high degree bromination of PPO decreased the 
flexibility of the polymer chains which was evidenced by an increase in the Tg.  Bromine 
atoms were first introduced into polyimides by Okamoto et al. [31] and Liou et al. [32] using 
the free-radical bromination of alkyl groups and the polymerization of halogen-containing 
monomers.  The brominated polyimides were prepared for two purposes: to improve 
solubility by a reduction in chain packing and crystallinity, as well as to increase reactivity 
by the substitution of bromine with other useful functionalities for applications in 
pervaporation and photorefractive materials.  After Guiver et al. reported the preparation of 
modified Matrimid polyimide by electrophilic bromination [33], it is possible to directly 
brominate commercial polyimides.  Based on the result of chapter 6, polyimides with more 
rigid chains, structural planarity, higher FFV and lower thermal stability are preferred as 
candidates for carbon membrane precursors. 
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In this chapter, bromination was considered as a pre-treatment of commercial polyimide 
precursors to prepare carbon membranes for the first time.  Bromine atoms bonded to 
polyimide chains are expected to increase the polymer chain rigidity.  Therefore the structure 
of precursors should be strengthened and membrane morphology should be better maintained 
during pyrolysis.  Additionally, bromine atoms may inhibit the chain packing and decompose 
at relatively lower temperatures with the loss of Br2 or HBr.  This effect is equivalent to an 
increase of the free volume in the matrix, resulting in more and bigger pore structures in 
resultant carbon membranes. 
The aim of this study is also to explore a method of tailoring micropores in the preparation of 
carbon membranes by introducing a decomposable group such as bromine atoms into 
commercial polyimides in an effort to understand the factors determining the micropore 
formation during the pyrolysis of polyimides.  Thermal properties of brominated polyimide 
were tested by differential scanning calorimetry (DSC) and thermal gravimetric analysis 
(TGA).  Simple simulation was used to characterize the conformational differences between 
the original polyimide and brominated polyimide.  The heat-treatment and carbonization of 
brominated polyimide were monitored by TGA-FTIR, FTIR-ATR and XPS.  Structure of 
resultant carbon membranes was discussed based on X-ray diffraction and the permeation 
behaviors of pure gases such as O2, N2, CO2 and CH4. 
7.2 Results and Discussion 
7.2.1 Effects of Bromination on the Thermal Properties of Matrimid Polyimide 
The Tg of Matrimid and Br-Matrimid were determined from DSC measurements, as shown in 
Figure 7.1. Compared with the heat flow curve of Matrimid, there is a very broad 
endothermal peak from 320 oC during the heating run of the Br-Matrimid. This may be 
attributed to the degradation of brominated polymer. However, the Tg can still be observed.  
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In the case of Matrimid, Tg increases from 320 oC to 338 oC after bromination, resulting from 
hindered rotation from the bulky bromine atoms. This is evidence of an increase in polymer 
chain stiffness, also supporting by RMMC simulation.  
 
Figure 7.1 DSC of Matrimid and Brominated Matrimid PI 
Table 7.1 lists selected simulated properties, which are the mean squared end-to-end distance, 
molar stiffness, intrinsic viscosity and dihedral angle between imide and aromatic ring, of 
Matrimid and Br-Matrimid with same number of repeat units. After bromination, the mean 
squared end-to-end distance, molar stiffness and intrinsic viscosity of Matrimid polyimide all 
increase by almost a half value, indicating better linearity and rigidity of Br-Matrimid chains. 
Molar stiffness expresses the molecular mobility of polymer chains quantitatively and was 




Table 7.1 Physical Properties of Polyimides Simulated by RMMC module in Cerius2 
 
 
Figure 7.2 shows the TGA-FTIR analysis of Matrimid and Br-Matrimid polyimides. In 
Figure 7.2, the X axis represents the temperature and the Y axis represents the weight percent 
for TGA and the wave numbers for FTIR spectra. The thermal stability of polyimides was 
indicated by TGA curves and the composition of released gases during the thermal 
decomposition of polyimides was analyzed by FTIR spectra. The understanding of the 
thermal decomposition and the evolving gas composition of precursors at different 
temperatures is instructive in realizing the possible structures of corresponding carbon 
membranes under different pyrolysis conditions. The decomposition of Matrimid polyimide 
occurs at a temperature of around 500 oC, and the most rapid rate of weight loss takes place 
at around 520 oC.  After bromination, the first weight loss of Br-Matrimid occurs around 300 
oC, about 200 oC lower than that of Matrimid, and the most rapid rate of Br-Matrimid 
decomposition takes place at around 490 oC, indicating lower thermal stability of Br-
Matrimid compared with Matrimid polyimide. As the temperature increases, both polyimides 
show a second decomposition peak at 600 oC.  Lower thermal stability of Br-Matrimid may 
be the result of Br-C bond cleavage at lower temperatures.  In addition, the evolution of Br 
from polyimide chains may produce free radicals, which accelerate the decomposition of 
polyimide, resulting in the forward movement of the decomposition peak of Br-Matrimid. 
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Figure 7.2 TGA-FTIR of Matrimid and Brominated Matrimid 
The following characteristic bands can be observed in FTIR spectra of evolution gases during 
the pyrolysis: CO2 at the characteristic band around 2350 cm-1, CO at its characteristic 
double bands (2170 and 2110 cm-1), hydrocarbons C-H at the characteristic bands around 
3050 and 1390 cm-1, and unsaturated C=C at the characteristic bands around 1650 cm-1.  The 
majority of hydrocarbons produced during Br-Matrimid pyrolysis releases at around 350 oC, 
while the release of hydrocarbons only occurs at around 520 oC during Matrimid pyrolysis.  
However, few CO2 and CO bands are detected when Br-Matrimid is pyrolyzed at 350 oC, and 
most of these two gases were still released at 500 oC as occurred with the Matrimid pyrolysis 
process. A possible reason is that the evolution of hydrocarbons mainly comes from 
decomposition of the indan groups in the Matrimid structure. The decomposition of indan 
groups is activated by the free radical produced during the pyrolytic release of Br atoms, 
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which are in close proximity to the indan groups. The released CO2 and CO arise mainly 
from the imide groups, which are only decomposed at temperatures of around 500 oC. Since 
the decomposition of imide groups is also elicited by radicals, the fastest rate of weight loss 
during polyimide pyrolysis may occur much earlier if Matrimid is brominated. 
7.2.2 Chemical Changes of Brominated Matrimid Polyimide during Pyrolysis 
The chemical changes of Br-Matrimid during pyrolysis were monitored by ATR-FTIR and 
XPS.  Although these two characterization methods are restricted to probing near the surface 
of membranes, the results are assumed to represent the chemical changes throughout the 
whole membranes.   
Figure 7.3 shows ATR-FTIR spectra of the Br-Matrimid polyimide and resultant carbon 
membranes pyrolyzed under different pyrolysis temperatures.  The intensities of the peaks 
assigned to a symmetric C=O stretch (1776 cm-1), asymmetric C=O stretch (1720 cm-1), C-N 
stretch (1353 cm-1), and bending of C=O (741 cm-1) are constant when the membranes are 
thermally treated at 400 oC for 2 h.  This result indicates that the imide groups of Br-
Matrimid are stable at 400 oC and is consistent with the fact that the decomposition of Br 
may not have a significant influence on the imide groups in the Br-Matrimid polyimide when 
the pyrolysis temperature is below 500 oC. 
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Figure 7.3 FTIR-ATR Spectra of Brominated Matrimid Film after Different Pyrolysis 
Temperatures 
 
Once a pyrolysis temperature of 500 oC is attained, the intensities of peaks representing 
imide groups are reduced.  For the membranes pyrolyzed at 600 oC, the absorbances of these 
bands almost disappear, indicating that the imide ring was decomposed completely at this 
temperature.  On the other hand, the absorption bands around 2900~3000 cm-1, which are 
assigned to alkyl of indan groups, are observed in the sample of Br-Matrimid heat-treated at 
250 oC.  After thermal-treatment at 400 oC, these bands are not observed.  This phenomenon 
provides evidence that the indan groups of brominated Matrimid decompose at around 400 
oC.  When the pyrolysis temperature is further increased to 600~800 oC, most peaks 
attributed to organic groups disappeared, suggesting that polymer is fully carbonized at such 
temperatures. 
The variations of C 1s and N 1s XPS spectra with carbonization temperature up to 800 oC are 
shown in Figure 7.4 (a) and (b).  In Figure 7.4 (a), the Br-Matrimid precursor has two peaks 
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in the C 1s spectrum, which are: a broad strong one around 284~286 eV and a weak one at 
around 289 eV.  This broad strong peak is attributed to the combination of C-H species and 
C-N species in the molecular structure of Br-Matrimid.  It becomes sharper and moves to 
lower binding energy direction with an increase in carbonization temperature.  The binding 
energy value finally settles near 284.5 eV after 2 h heating at 800 oC.  The binding energy of 
284.5 eV agrees with that reported for graphite, indicating that some graphite-like carbon 
structures are formed from polyimide precursors after pyrolysis at 800 oC [34].  The peak 
around 289 eV for the original Br-Matrimid is assigned to carbonyl in the imide structure.  
This peak keeps constant after heat treatment at 400 oC and becomes weak with increasing 
pyrolysis temperature and gradually disappears when the temperature is above 600 oC.  The 
change agrees with previous TGA-FTIR and FTIR-ATR results that imide groups are stable 
at 400 oC and are decomposed above the 500 oC. 
As shown in Figure 7.4 (b), the peak of N 1s electrons for the original Br-Matrimid is located 
at around 401 eV.  The position of this peak remains almost constant with the thermal 
treatment, but shows a small shoulder at a lower binding energy side.  The shoulder may 
arise from the cleavage of C-N bonds between imide groups and brominated phenyl rings 
induced by the release of bromine atoms.  Moreover, the shoulder continues a shift to lower 
binding energy and becomes a new peak located at 398 eV at 600 oC.  This new peak may be 
the result of C=N- or C≡N groups formed during the decomposition of imide groups.  This 
phenomenon implies that the intermediate state of nitrogen in carbon membranes pyrolyzed 
below 600 oC may be assigned to pyridine-type nitrogen.  When the pyrolysis temperature 
increases to 700 oC, the relative intensity of the peak at 398 eV decreased gradually, 
indicating that the double or triple bonds between C and N revert to a single bond.  At this 
temperature, the state of nitrogen in the resultant carbon membranes can be described as 
pyrrole-type nitrogen [35].  When the pyrolysis temperature is increased to 800 oC, the 
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intensity of N 1s spectrum becomes extremely weak, showing that most N atoms near the 
surface of the membrane have been driven off during the carbonization process. 
 
Figure 7.4 Changes in XPS spectra of Carbon Membranes from Brominated Matrimid under 
Different Pyrolysis Temperatures 
 
Figure 7.5 shows the WAXD results for Br-Matrimid polyimide and its derived carbon 
membranes at different pyrolysis temperatures.  WAXD is a useful technique for measuring 
the difference in interlayer spacing between polymer chains and carbon materials.  When 
heating temperature is below 500 oC, the X-ray diffractions show a very broad peak from 15° 
to 30o, indicating the amorphous structure of brominated polyimide.  When heating 
temperature is increased beyond 500 oC, the broad peak becomes sharper and moves to a 
larger theta angle direction.  This means that an ordered structure is gradually constructed in 
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the matrix and that the distance between chains becomes smaller during the pyrolysis process.  
A new peak at 2θ = 43o is obviously observed in carbon membranes pyrolyzed at 
temperatures higher than 700 oC and its intensity becomes stronger with an increase in 
temperature.  This peak could be pointed to the graphite (100) plane which represents the 
repeated aromatic ring in graphitic structure.  When the pyrolysis temperature reaches 800 oC, 
the peak position is near 25o, where d-spacing is 3.56Å accordingly.  This value is slightly 
greater than interlayer spacing, d002, of graphite crystal.  However, it still can be attributed to 
the average spacing between neighboring two hexagonal layers.  Therefore, we can conclude 
that the monolayer graphite sheets should be formed in carbon membranes during high 
temperature pyrolysis.  Moreover the structure of carbon membranes can be described as 
turbostratic stacking of hexagonal layers, and tends to approach graphitic crystal state with 
increasing temperature. 
 
Figure 7.5 WAXD of Carbon Membranes from Br-Matrimid at Different Pyrolysis 
Temperatures 
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Compared with carbon membranes derived from the original Matrimid reported by Tin et al. 
[18], the distance between hexagonal layers in carbon membranes derived from brominated 
Matrimid decreases from 3.68 Å to 3.56 Å.  This indicates better crystallized graphite 
structures in carbon membranes when polyimide precursors were brominated before 
pyrolysis.  In previous chapter and other researchers’ studies [35-36], two fundamental 
conditions for obtaining well-crystallized graphite films were concluded: (1) flatness of the 
starting imide molecules; (2) high degree of orientation of these flat molecules along the film.  
As shown in Table 1, the molecular simulation indicates that the dihedral angle between the 
imide ring and the aromatic ring is approximately 50.4 o in both the unmodified and 
brominated Matrimid polyimide.  This is due to the fact that the bromine is added on the 
phenyl ring of diamine parts, which seldom affects the flatness of the whole imide molecules.  
According to the report of Hasegawa et al. [37], the degree of in-plane orientation is related 
to the polymer chain linearity, the inter-chain interaction and the molecular chain mobility.  
From DSC and simulation results, bromination decreases polyimide chain flexibility, 
resulting in better chain linearity and higher degree of in-plain orientation of polyimide 
chains.  Therefore, the better crystallized graphite structures in carbon membranes derived 
from brominated Matrimid could contribute to better orientation of polyimide chains along 
the film induced by bromine substitution.  In addition, the formation of graphitic-like 
structure in carbon membranes at a high pyrolysis temperature could be considered as the re-
organization of aromatic rings in the matrix.  The formation and linkage of these aromatic 
rings by free radical reactions construct the graphitic planes.  According to above discussion, 
the decomposition of brominated Matrimid may induce more free radicals in the system.  
Therefore, the bromination may promote the graphitization of carbon membranes. 
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7.2.3 Gas Permeation Analysis  
The gas permeability and ideal selectivity of pure O2, N2, CO2 and CH4 through polyimides 
and their derived carbon membranes carbonized at 550 oC and 800 oC under vacuum 
environment are summarized in Table 7.2.  As reported by Guiver et al., the increase in gas 
permeability of brominated Matrimid was attributed to the loosening of interchain packing by 
the bulky bromine group, which was shown by d-spacing measurement and FFV tests [33].  
Table 7.2 Pure Gas Permeation through Polyimides and their Derived Carbon Membranes 
 
Comparison between two carbon membranes derived from Matrimid and Br-Matrimid 
precursors shows that the gas permeability of carbon membranes from Br-Matrimid are 
obviously greater than those of carbon membranes from Matrimid when pyrolyzed at 550 oC.  
This result is consistent with Park et al. [22] and our previous findings in the chapter 6 that 
the FFV of polymer precursors is an important factor to determine the performance of 
resultant carbon membranes pyrolyzed at a low temperature.  It is expected that polymer 
precursors with a larger FFV will produce carbon membranes with a looser structure.  In 
addition, there is another possible explanation for above phenomenon according to the results 
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of TGA-FTIR.  After bromination, Matrimid polyimide shows lower thermal stability.  This 
implies that the Br-Matrimid emits more gaseous products than Matrimid at the same 
pyrolysis temperature.  Since the opening structure of carbon membranes is mainly the result 
of the evaporation of gaseous products during the decomposition of polyimide, the Br-
Matrimid which exhibits more weight loss during the pyrolysis process may create more 
interstitial space and result in having higher gas permeability.  Interestingly, the gas 
selectivity of carbon membranes from Br-Matrimid is also higher than those of carbon 
membranes from unmodified Matrimid.  Two kinds of pores, which are ultra-micro pore and 
micro-pore, may be formed in carbon membranes prepared at a low temperature.  Generally, 
the dimension of ultra-micro pore is close to the d-spacing of polyimide precursors (5-6 Å), 
while the size of micro-pores is larger than 10 Å.  The gas selectivity is determined by the 
dimension and shape of ultra-micro pores.  Thus, one of the possible reasons for the higher 
gas selectivity of carbon membranes derived from Br-Matrimid is that much greater 
interconnection between ultra-micro pores formed by the evolution of decomposed products. 
When the pyrolysis temperature is increased to 800 oC, the gas permeability of the resultant 
carbon membranes decreases as compared to those of carbon membranes pyrolyzed at 550 oC.  
Simultaneously, the selectivity of O2/N2 and CO2/CH4 improves after pyrolysis at higher 
temperatures.  According to the WAXD results, high temperature pyrolysis results in the 
transformation of amorphous carbon materials to graphitic-like structure consisting of 
shrunken ultra-micropores.  This suggests that the main mechanism involved in the gas 
transport through carbon membranes is molecular sieving, where the membranes can 
effectively discriminate gas molecules with similar molecular sizes.  As compared to the 
selectivity of O2/N2, the degree of increment is higher for CO2/CH4, probably due to the 
greater difference in molecular sizes of CO2/CH4, since a higher pyrolysis temperature may 
result in a decrease in solubility selectivity of gases [38]. Interestingly, the gas permeability 
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decrement of carbon membranes pyrolyzed from Br-Matrimid at 800 oC is much more 
significant than that of carbon membrane derived from unmodified Matrimid.  As a 
consequence, unlike the carbon membranes pyrolyzed at a low temperature, the bromination 
resulted in the carbon membranes with lower permeability when pyrolyzing at a high 
temperature.  As previously discussed, the better linearity and lower thermal stability of 
brominated polyimides induce a more ordered and better graphitic structure of resultant 
carbon membranes when the pyrolysis temperature increased to 800 oC.  Carbon membranes 
with better graphitic structure possess less and narrower channels in which gas molecules can 
pass through.  Therefore, the gas permeability of carbon membranes decreases when 
polyimide precursor is brominated before pyrolysis. 
Figure 7.6 shows the tradeoff line between the selectivity and permeability for O2/N2 and 
CO2/CH4 pairs.  It is clear that both permeability and selectivity of membranes are well-
above the upper-bound curve after carbonization.  From their distance to the Robeson trade-
off line [39], it is easy to visualize how much the performance of polyimide membranes can 
be improved when they are properly pyrolyzed.  A comparison between gas separation 
performance of carbon membranes from unmodified Matrimid and Br-Matrimid indicates 
that the bromination of Matrimid precursor significantly improves the gas separation 
performance of resultant carbon membranes when a low pyrolysis temperature is used.  At a 
high pyrolysis temperature, the improvement of gas separation performance is not so 




Figure 7.6 Gas Permeability/Permselectivity Behaviors with Respect to the Trade-off Lines 
for O2/N2 and CO2/CH4 Gas Pairs 
7.3 Summary 
Commercial Matrimid polyimide was brominated before carbonization, in order to increase 
the polymer chain rigidity and bulkiness.  TGA-FTIR tests indicated that bromination not 
only increases the FFV of Matrimid polyimide, but also decreases the thermal stability of 
Matrimid.  It is shown that the addition of the bromine atoms onto Matrimid main chains 
significantly affects the pyrolysis behavior and the structure of resultant carbon membranes.  
As the result, bromination produces carbon membranes with higher gas permeability as 
compared to untreated carbon membranes.  Furthermore, the permselectivity of modified 
carbon membrane remains competitive with unmodified carbon membranes.  However, at 
pyrolysis temperatures of 800 oC, the gas permeabilities of carbon membranes from Br-
Matrimid decrease to lower than that of carbon membranes from the original Matrimid. 
Molecular simulation shows that the bromination modification increases the linearity of 
polymer chains without changing the flatness of polymer molecules.  Therefore, a more 
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graphitic-like structure is obtained when brominated precursors are carbonized at a high 
temperature.  In brief, bromination is a useful pre-treatment for commercial polyimide 
precursors in improving the gas separation properties of carbon membranes when pyrolyzed 
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Conclusions and Recommendations 
8.1 Conclusions 
In recent years, development of membrane materials has reached a so called upper 
bond trade-off limit. Therefore, new membranes materials or modification of present 
materials with superior separation properties for gas separation is research intensive 
aimed to produce high performance membrane systems which can accomplish more 
and more requirements from industry. Accordingly, the purpose of this study was to 
investigate two different modification methods for polyimide membranes to improve 
their separation performance and operation durability.  
8.1.1 Surface Cross-linking Modification of Polyimide Membranes Induced by 
Amino Terminated Dendrimers 
Polyimide membranes were immersed into PAMAM methanol solution at room 
temperature. From the XPS and FTIR-ATR results, the amino groups of PAMAM 
were approved to react with imide groups of polyimide. Since PAMAM is a star-like 
chemical with multi functional groups, the polyimide chains were cross-linked after 
this surface modification. The gas separation performance of modified polyimide 
membranes was improved beyond the traditional “trade off” upper bound of 
permeability vs. selectivity relationship. A possible reason is that the cross-linking 
reaction decreases the d-space of polyimide chains, and densifies the membrane 
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structure. Therefore, the diffusivities of gases through polyimide were decreased. 
Since the decrement of diffusivity for bigger size gas molecules is more obvious, the 
selectivity of gases with different molecular size is increased.  
The properties of modified membranes were found to be related to immersion time, 
the generation of PAMAM, the chemical structure of Dendrimers and post-treatment 
temperatures. Longer modification time induced higher cross-linking degree, resulting 
in lower gas permeability of modified membranes, since more PAMAM molecules 
could penetrate into polyimide membrane matrix and more polyimide chains could be 
cross-linked. Higher generation of PAMAM means bigger molecular size. Therefore, 
it was more difficult for the PAMAM molecules of higher generation to penetrate into 
polyimide membrane, and the cross-linking reaction only took place near the surface 
layer of membrane. After post thermal treatment, the PAMAM modified membranes 
showed a denser structure due to more complete reaction between PAMAM and 
Polyimide. The anti-plasticization ability of modified polyimide membranes also was 
enhanced. But high temperatures above 250 oC destroyed the structure of PAMAM 
and cleaved the cross-linking site. Thus, treatment at an optimum temperature is 
required to obtain the best separation performance. As compared to DAB dendrimer, 
PAMAM dendrimer exhibited higher cross-linking ability than DAB dendrimer at 
room temperature, and induced better gas separation performance for polyimide films. 
After thermal treatment at 120° C, the gas selectivity of DAB modified polyimide 
film was improved impressively due to more amidization and cross-linking. 
Compared to the gas permeabilities of other cross-linked polyimides induced by 
thermal treatments, UV radiation, and laser radiation, those of PAMAM modified 
polyimides didn’t decrease very much. The reason may be that the PAMAM cross-
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linked structure is only formed near the membrane surface layer since it is very 
difficult for PAMAM molecules to penetrate into membrane matrix. However, the 
cross-linking structure induced by heat or radiation is very easily formed through 
whole membrane thickness.  
8.1.2 Carbonization of Polyimide Membranes to Enhance the Gas Separation 
Performance  
Unlike the first method, the second modification method is to put polyimide 
membranes into vacuum oven and pyrolyzed at high temperatures. Element analysis 
showed that the polyimide membranes were almost fully carbonized after pyrolysis at 
high temperatures. XRD spectrum indicated that the pyrolyzed membranes 
transformed from an amorphous structure to a more ordered structure. Consequently, 
the gas transport mechanism though the membranes also changed to surface diffusion 
mechanism and molecular sieving mechanism. Therefore, the gas separation 
performance of carbonized membranes was enhanced significantly.  
The chemical structure of polyimides and the pyrolysis temperature were identified to 
be two important factors determining the properties of carbonized membranes. After 
550 oC pyrolysis, resultant carbon membranes from polyimides with 6FDA group 
showed higher gas permeability due to bigger pore volume. Since the selective 
surface flow will play a significant role when condensable gases pass though carbon 
membranes pyrolyzed at the low temperature, higher FFV and low thermal stability of 
polyimides also produce better gas selectivity of carbon membranes. After 800 oC 
pyrolysis, resultant carbon membranes from polyimide with BPDA and BTDA group 
showed higher gas selectivity due to its good chain flatness and greater in-plan 
orientation.  
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8.1.3 Brominating Commercial Matrimid® Polyimide before Carbonization 
Modification 
Commercial Matrimid® polyimide was brominated before carbonization, in order to 
increase the polymer chain rigidity and bulkiness.  It is shown that the addition of the 
bromine atoms onto Matrimid main chains significantly affects the pyrolysis behavior 
and the structure of resultant carbon membranes, since bromination not only increases 
the FFV of Matrimid polyimide, but also decreases the thermal stability of Matrimid.  
As the result, bromination produces carbon membranes with higher gas permeability 
as compared to untreated carbon membranes.  Furthermore, the permselectivity of 
modified carbon membrane remains competitive with unmodified carbon membranes.  
However, a more graphitic-like structure is obtained when brominated precursors are 
carbonized at a high temperature. Therefore, the gas permeabilities of carbon 
membranes from Br-Matrimid decrease to lower than that of carbon membranes from 
the original Matrimid.  In brief, bromination is a useful pre-treatment for commercial 
polyimide precursors in improving the gas separation properties of carbon membranes 
when pyrolyzed at a low temperature. This study is also an example to explore a 
method of tailoring micropores in the preparation of carbon membranes by 
introducing a decomposable group such into commercial polyimides. 
8.2 Recommendations 
The pure gas permeabilities of modified polyimide membranes indicate that the above 
two modification methods, which are chemical cross-linking by multi-amines 
chemicals and carbonization under high temperature and vacuum condition, are 
practical approaches to improve the gas separation properties of polyimide 
membranes. Compared with synthesis of new polyimide polymer with different 
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chemical structures to obtain membranes materials with higher performance, these 
two methods in the study can be directly operated on commercially available 
polyimides to minimize the cost of membrane materials.  
However, since this study mainly focused on the improvement of gas separation 
performance of modified polyimide membranes, the changes of physical properties of 
modified polyimides were ignored. For example, after chemical cross-linking 
modification, the mechanical strength and chemical resistance of modified polyimide 
may be weakened, because some imide rings on the backbone of polyimide were 
cleaved to amide groups, which are much softer than imide groups. Therefore, the 
application environments of chemical cross-linking modified membranes may be 
stricter than original polyimide membranes. In addition, carbonization modification 
made polymeric membrane materials change to inorganic carbon. Although the 
hardness of membranes will be increased, unfortunately, the membranes became very 
brittle and handling them was difficult. In order to overcome the above shortcomings, 
methods to reinforce modified membranes should be developed in further research 
and applications. 
8.2.1 Preparation of Hybrid PAMAM Modified Polyimide with Inorganic 
Particles 
 A possible method to make PAMAM modified polyimide more rigid is to dope 
inorganic particles such as silica, metal oxides or pure metals into modified 
polyimides. Since the amide groups and free amine groups of cross-linking reagents 
PAMAM will provide strong interaction with those inorganic particles, the particles 
should mix well with modified polyimide. Therefore, the mechanical properties 
should be enhanced by the addition of inorganic particles. Moreover, the gas transport 
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properties through the hybrid membrane should also be improved, if the dopants show 
good affinity to certain gases. 
8.2.2 Preparation of Supported or Self-supported Carbon Membranes 
In order to handle carbonized membranes more easily, the configuration of supported 
or self-supported membrane should be used in future research. Coating polyimide 
materials onto a certain support, such as an alumina tube or a ceramic tube, followed 
by pyrolysis, should increase the practicability of carbonized membranes. The carbon 
hollow fiber membranes need to have a controlled asymmetric structure, which 
consisting of a dense, selective surface layer with a porous supporting layer. 
8.2.3 Combination of Chemical Cross-linking Modification and Carbonization 
Since PAMAM modification densified the polyimide, the resultant carbon membranes 
from PAMAM modified polyimide should also have a denser and organizer structure. 
On the other hand, the decomposition of PAMAM at low temperature should increase 
the micro-pore volume in the carbonized membranes, inducing higher gas 
permeability. Therefore, combination of chemical modification and carbonization to 
obtain membrane materials with high gas peameability and selectivity simultaneously 
is also an interesting research topic.  
8.2.4 Investigation on Gas Transport Theories through PAMAMA Cross-linked 
Polyimide Membranes 
Although chemical cross-linked polyimide membranes exhibit high gas separation 
performance, the gas transport mechanisms in the modified polyimide structure are 
too complex to understand using present equipments and methodology. Although the 
time lag method and sorption test in this study can provide us a quick indication of 
 176
impact of modification on sorption and diffusion, we recognize that this method has 
its limitation which is not able to provide real measurement of these two parameters, 
due to the asymmetric structure of modified membranes. For future research, 
homogenous modified membranes should be prepared for the studies of gas transport 
theories. 
8.2.5 Formation Mechanisms of Carbon Structures from Polymeric Structures 
Preparation of carbon membranes through carbonization of polymeric precursors is a 
complicated process. The reaction mechanism of pyrolysis is still uncertain and 
indistinct. Many theories discussed in our study are still supposed and need more 
experimental methods to identify. More researches such as statistical analysis and 
numerical simulation are necessary to deepen the fundamental understanding of 





Calculations of the Volumes of the Downstream Compartments in a Gas 
Permeation Cell 
 
The three volumes of the downstream compartments of the gas permeation cell, shown in 
Figure 3.8 can be measured using a ‘known volume vessel’ method as follows. 
(1) The volumes of vessels 2 and 3, V2 and V3, respectively are measured by repeated  
liquid-filling. 
(2) The volume of vessel 1, V1 is used to test the gas permeability for helium with a 




⎛  is 
obtained at 3.5 atm, 35°C. 
(3) Under the same prevailing experimental conditions, the test is repeated using 




⎛ is obtained. 
(4)  Under the same prevailing experimental conditions, the test is repeated using 




⎛ is obtained. 
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